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Airborne particulate matter consists of small particles suspended in the air and is 
a ubiquitous component of the Earth’s atmosphere. These particles, known as aerosols, 
broadly affect both human health and the global climate. Secondary organic aerosol 
(SOA), a subset of atmospheric aerosol, are produced by the gas phase oxidation of 
volatile organic compounds (VOCs) originating from anthropogenic and biogenic 
sources. Of particular interest are a sub class of biogenic VOCs released by stressed 
plants, green leaf volatiles (GLVs), which are susceptible to oxidation via ozonolysis and 
form SOA. While important strides have been made in better understanding SOA, many 
of the fundamental yet complex chemical and physical processes occurring at the 
molecular level that govern SOA formation, growth, and aging are still poorly 
understood, and many SOA precursors have yet to be identified. Elucidating the physical 
and phase state of SOA is especially important, as it can provide insight into SOA 
formation, growth, and broader atmospheric impacts. An electrical low pressure impactor 
(ELPI) was utilized to probe SOA phase via particle bounce measurements, which were 
reported between 0 (liquid) and 1 (solid).  
 
Here, 1-octen-3-ol (OTL) was identified as a new SOA precursor from sugarcane 
plant emissions, suggesting it is a potentially significant source of regional SOA. Upon 
ozonolysis, it produced a suite of oxygenated, low volatility products that partitioned to 
the particle phase to form SOA exhibiting significant particle bounce (0.6 – 0.8), 
indicating high particle viscosity. Further questions prompted investigations into SOA 
mass loading (CSOA) as it pertains to SOA phase, where SOA bounce was found to be 
strongly dependent on CSOA for numerous GLVs. Particle bounce dropped by at least 
0.25 when CSOA was increased to beyond 10 µg m
-3, suggesting enhanced condensation 
of lower volatility products onto pre-existing SOA at higher CSOA. Furthermore, results 
imply caution should be exercised when extrapolating chamber results to atmospheric 
scenarios under high CSOA. 
 
Relative humidity (RH) affects physical water uptake and subsequent viscosity 
changes of SOA. ELPI instrument performance while sampling aerosol from a high RH 
environment has not been scrutinized previously. Results showed that technical 
specifications inherent in the current ELPI design, which relies on a set of cascade 
impactors with both decreasing downstream pressure and impaction stage RH, can 
prevent accurate particle bounce measurements for aerosol sampled from a high RH        
(> 90%) environment. The lower RH environments of the lower impaction stages likely 
allowed for sufficient drying, enabling particle bounce and thus an instrumental artefact. 
Still, this method proved useful in determining the phase transition RH for α-pinene (a 
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Airborne particulate matter, which consists of small particles suspended in air, is a 
ubiquitous component of the Earth’s atmosphere.1 Particulate matter suspended in air is 
often referred to simply as aerosol. Air pollution caused by the aforementioned particulate 
matter has increasingly become a major health concern worldwide, as aerosols adversely 
affect air quality, human health, and ecosystems.2-3 Furthermore, aerosols impact the 
distribution, abundance, and transport of trace gases4-5 and influence the Earth’s radiative 
budget by absorbing and scattering radiation6 and by acting as cloud condensation/ice 
nuclei7-8, contributing to local weather phenomena.9 Those aerosols consisting primarily of 
carbon, oxygen, hydrogen, sulfur, nitrogen, and phosphorous are referred to as organic 
aerosol (OG). The majority of OGs (70−90%) are secondary in nature (SOA), having been 
produced by the gas-phase oxidation of volatile organic compounds (VOCs) present in the 
atmosphere that act as SOA precursors.10-11 
While important strides have been made in better understanding SOA, many of the 
fundamental yet complex chemical and physical processes occurring at the molecular level 
that govern SOA formation, growth, and aging are still poorly understood, and recent 
estimates of global SOA production rates suggest that important SOA precursors are yet to 
be identified.12-15 Elucidating the physical and phase state (solid-like or liquid-like 
character) of SOA is especially important, as it can provide insight into SOA formation16-
17 and growth,18 gas–particle partitioning,19 reactive uptake on particle surfaces,20-21 and 
atmospheric impacts.22-23 There is also a particular lack of literature on the effect of varying 
2 
SOA mass loading (CSOA; expressed in terms of mass per volume) on SOA phase, which 
is an especially important parameter when conducting laboratory chamber based 
experiments. Therefore, the bulk of this work focused on the following key topics:  
 
• Identifying a previously unidentified SOA precursor and understanding its 
chemistry, phase behavior, and contribution to the SOA budget 
• Investigating how variations in CSOA affect the phase of pertinent SOA generated 
from selected atmospherically relevant biogenic VOCs  
• Further scrutiny of our SOA phase probing methodology with respect to relative 
humidity (RH) to better understand the scope of our method and its potential 
limitations 
• Preliminary work to improve our SOA phase probing capabilities, especially in the 
early stages of SOA formation  
 
Taken together, this work will afford the SOA community a greater understanding 
and improved methodology for SOA phase. It also emphasizes the need to further identify 
VOCs acting as SOA precursors and investigate their respective SOA formations to fill 
current gaps of knowledge and better comprehend their contributions to the global SOA 
budget. 
 
1.2 Specific Research Questions 
 Research conducted in the Petrucci group is both exploratory and experimental in 
nature, with concerted efforts to gain a better molecular level understanding of SOA 
3 
formation and growth, as well as the role of this chemistry on particle phase. The project 
undertaken and described herein asked several specific questions, which are detailed next: 
1. Do sugarcane harvesting processes release VOCs that have yet to be identified as 
SOA precursors?  
a. What is the nature of the chemistry and phase of the resulting SOA? 
2. How does CSOA affect the phase of SOA produced from relevant biogenic volatile 
organic compounds? 
3. Can our method be utilized to infer phase for particles sampled from reaction 
chambers with high RH? 
a. Can we better understand the scope of our phase probing method, including 
its limitations and experimental artefacts? 
4. Can we improve upon the resolution of our phase probing method to better examine 
the initial stages of SOA generation, where particles are elusively small? 
 
These questions are far from comprehensive with respect to the plethora of 
questions asked by researchers in the Petrucci group laboratory and the SOA community. 
However, they serve as an excellent guide for the story to be told in the following chapters 
that seek to shine some light into the vast world of the atmospheric sciences.  
 
1.3 Thesis Outline 
 
 The following thesis is organized into seven chapters. Chapter 1 introduces some 
general background information related to the main focus of the thesis as well as objectives 
and significance of the work. Chapter 2 delves into more detail of current literature and 
provides a review of relevant SOA concepts, including SOA phase. Chapter 3 outlines the 
4 
laboratory infrastructure and discusses instrumentation utilized for the work presented 
herein. Chapter 4 discusses results from a study probing the VOC emissions from wounded 
sugarcane. Specifically, focus is shifted to a newly unidentified SOA precursor, 1-octen-3-
ol (OTL), which was experimentally found to be susceptible to ozonolysis and produce 
SOA, with both chemical composition and phase probed. Further questions surrounding 
the factors impacting SOA phase, as well as the method (bounce factor; BF) and 
instrumentation (electrical low pressure impactor; ELPI) utilized, prompted studies 
examining the impact of SOA mass loading (CSOA) on SOA phase and the viability of 
measurements under high chamber RH. Therefore, Chapter 5 details how SOA phase for 
SOA generated from relevant precursors varies as a function of CSOA, with important 
implications for SOA reaction chambers and the atmosphere. Chapter 6 discusses 
instrumental limitations, most significantly when probing aerosol phase under high RH 
chamber conditions and potential avenues to explore to better understand this phenomenon 
and to develop solutions to this limitation. Furthermore, Chapter 7 discusses preliminary 
work on a new high resolution ELPI mode intended to allow for more accurate phase 
probing at initial stages of SOA formation, where relatively small particles sizes can 
present significant instrument measurement challenges. It concludes with an overall 
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Chapter 2: Background and Review of Literature 
 
 
2.1 Ubiquity of Atmospheric Aerosols 
Airborne particulate matter consisting of small particles suspended in air, known as 
aerosol, is a ubiquitous component of the Earth’s atmosphere.1 These atmospheric aerosols 
include mixtures of liquid, semi-solid, and solid particles, with particle sizes (diameters) 
varying from 10-9 – 10-4 m. Air pollution caused by particulate matter has increasingly 
become a major health concern worldwide, as aerosols adversely affect air quality, human 
health, and ecosystems.2-3 In fact, several studies over the past few decades have found 
associations between mortality rates and particulate air pollution.4 Furthermore, aerosols 
play significant roles in atmospheric and environmental processes by participating in 
heterogeneous chemical reactions occurring in the atmosphere. As a result, this affects the 
distribution, abundance, and transport of trace gases.5-6 Aerosols furthermore influence the 
Earth’s radiative budget7 by absorbing and scattering radiation (the direct effect)8 and by 
acting as cloud condensation/ice nuclei (CCN/IN; the indirect effect),9-10 which themselves 
absorb/scatter radiation and also contribute to local weather phenomena.11 Figure 2.1, 
adapted from Zahardis et al., provides a visual overview of atmospheric aerosols and their 
effects, as well as their sources and formation.12  
Those aerosols consisting primarily of carbon, oxygen, and hydrogen, as well as 
sulfur, nitrogen, and phosphorous are referred to as organic aerosol (OG). Estimates show 
that there is a global source of 430 teragrams of carbon per year (TgC yr-1) of OG, with a 
continental OG production of 150 TgC yr-1.13 The OG that are emitted directly into the air 
are referred to as primary organic aerosol (POA),14 and can originate from sources such as 
9 
volcanoes, sea salt, cooking, factories, and motor vehicles,15-16 among others. However, 
the majority of OG (70−90% by mass) is secondary in nature (SOA),17 which are produced 
in the atmosphere instead of being released into the atmosphere (as in the case of POA).14  
 
 
Figure 2.1 Atmospheric aerosols are emitted directly into the atmosphere or produced in 
situ by oxidation of volatile organic compounds. Major effects include scattering and 
absorption of radiation; impacts to cloud formation and precipitation; and detrimental 
health impacts to humans. 
 
 
2.2 Green Leaf Volatiles: VOCs Acting as Secondary Organic Aerosol Precursors 
Secondary organic aerosol (SOA) are produced by the gas-phase oxidation of 
volatile organic compounds (VOCs) present in the atmosphere.18 Thus, relevant VOCs, 
along with appropriate oxidants, play a key role in the formation of SOA. Significant 
10 
sources of atmospheric SOA precursor VOCs broadly include both biogenic (dominated 
by isoprene and monoterpenes from processes such as plant communication and stress) and 
anthropogenic ones (primarily aromatic compounds from processes such as combustion), 
including volatile chemical products (VCPs) such as pesticides and personal care 
products.14, 19-22 Of particular interest are a class of VOCs known as green leaf volatiles 
(GLVs), which are released in large quantities by stressed plants. The exact classification 
of which biogenic VOCs are considered GLVs varies in the literature. Therefore, GLVs 
herein refer to those wound-induced VOCs that are emitted after grass cutting, animal 
grazing, and local weather changes to name a few, and consist of unsaturated hydrocarbons 
that may be oxygenated as well.23-26 Examples of prominent GLVs (Figure 2.2) include α-
pinene and isoprene, both abundantly released by trees,27-28 and cis-3-hexenyl acetate 
(CHA) and cis-3-hexenol (HXL), released by grass.29 In fact, grassland ecosystems are 
estimated to emit up to 130 mg carbon m-2 in the form of GLVs annually, while reactive 
lawn GLV emission estimates are between 3.9 and 6.3 Gg carbon per year.30 Most 
importantly, the lack of a comprehensive identification of the many GLVs contributing to 
SOA and their respective emission rates and aerosol yield potentials warrant further 
investigation into this particular class of VOCs.  
11 
 
2.3 Oxidation of Secondary Organic Aerosol Precursors by Ozone 
As previously stated, VOCs are one of the key ingredients to SOA production. 
Specifically, unsaturated VOCs (specifically those with carbon-carbon double bonds) are 
susceptible to oxidation by oxidants such as ozone, OH radicals (mainly during daytime), 
and nitrogen oxides (NOx) (mainly during nighttime).
31-32. Ozone, one of the most 
prevalent oxidants, is a naturally occurring gas present in background mixing ratios (mole 
fraction of ozone relative to all gaseous constituents) of approximately 20 – 45 parts per 
billion (ppb), with higher values in urban areas (hundreds of ppb have been observed in 
highly polluted areas).33 Ozone itself is produced by photochemical reactions of VOCs and 
NOx of biogenic and anthropogenic origins and is considered a regulated air pollutant in 
the troposphere, as it causes negative respiratory effects in humans.33  
Figure 2.2 Examples of GLVs susceptible to atmospheric oxidation. α-
pinene and isoprene are released in abundant quantities by trees, while 





The ozonolysis reaction mechanism has been extensively studied previously.34-36 
Consider a general alkene undergoing an ozonolysis reaction (Scheme 2.1). Briefly, 
reaction initiation involves a concerted [3+2] cycloaddition of ozone to the double bond, 
Scheme 2.1 Abbreviated reaction mechanism of ozonolysis of a general alkene leading 
to SOA formation. Note that some products will not partition to the particle phase and 
will remain in the gas phase. Colors on oxygen atoms shown for clarity. 
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forming a cyclic 1,2,3-trioxolane intermediate species, known as a primary ozonide. Rapid 
decomposition of the primary ozonide follows via cleavage of the carbon-carbon bond and 
one of the oxygen-oxygen bonds to form two pairs of products. In the case of 
asymmetrically substituted alkenes, as shown here, two pairs of an identical carbonyl 
molecule (aldehyde or ketone) and an excited carbonyl oxide intermediate, known as a 
Criegee Intermediate (CI), are formed. These CIs either stabilize or rearrange and engage 
in further multigenerational chemistry to form a suite of products via complex reaction 
channels. Overall, functional groups produced include, but are not limited to, ketones, 
aldehydes, alcohols, hydroperoxides, carboxylic acids, and esters.37 Important here is that 
many of these products are oxygenated, oligomeric, and possess sufficiently low vapor 
pressures to allow them to eventually partition into the particle phase, resulting in sufficient 
particle growth. This is crucial for SOA formation.38-39 This is not the end of the story, 
though, as further reactions and interactions with the surrounding environment commonly 
occur, as described next. 
 
2.4 Secondary Organic Aerosol 
Following the ozonolysis pathways  briefly described above, more oxygenated, 
oligomeric organic products with lower volatility and higher solubility are formed, many 
of which are able to partition to the particle phase by either condensing onto pre-existing 
particles or nucleating to form new particles40. These are termed secondary organic aerosol 
(SOA). SOA tend to be chemically complex, consisting of more than 10,000 organic 
compounds per individual SOA “unit” or cluster.41 Speaking more generally for all 
atmospheric aerosol, nucleation has been directly observed in the sub 2 nm size range, 
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where small clusters of molecules are continually formed and lost due to reactions, vapor 
uptake, and evaporation.42 Successful new particle formation occurs after formation of a 
critical nucleus and subsequent growth to sizes larger than 2 nm, which competes against 
capture and removal by coagulation with pre-existing aerosol.42 Generally, this is described 
as a creation of molecular embryos/clusters prior to phase partitioning (from gas to solid 
and liquid). Formation of molecular clusters happens after random collisions and 
rearrangements of atoms or molecules of the existing phase. Growth is reversible but 
becomes spontaneous after reaching a critical size.43 Growth happens via condensation of 
ozonolysis reaction products onto existing aerosol, which can be both absorptive, 
adsorptive and reactive (facilitating heterogeneous reactions, or also referred to as reactive 
uptake).37 Heterogenous reactive uptake is important, as it changes gas phase 
concentrations of photochemical oxidants, acid gases, free radicals, and soluble species, 
which in turn impacts photochemical smog, acid deposition, and reactive greenhouse gas 
concentrations (to name a few). It also includes uptake of water vapor, which in turn 
impacts the optical properties, size, and ability to nucleate cloud droplets.44 Reactive uptake 
is itself partially dependent on the phase state of the aerosol,45-46 making SOA phase a key 
aerosol property necessitating study. 
 
2.5 Secondary Organic Aerosol Phase 
Recent attention on the phase state of atmospheric particles has motivated several 
questions regarding parameters/conditions that influence the phase state and physical 
properties. Models assume that SOA particles remain liquid-like throughout their lifetime, 
and that an equilibrium exists between the particle and gas phase due to rapid evaporation 
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and condensation.47-49 However, recent measurements have provided strong evidence to 
challenge this assumption,50-51 showing that SOA can adopt liquid, semi-solid, and solid 
phase states depending on their composition and ambient conditions.52-53 Furthermore, 
elucidating the phase state of SOA can provide insights into SOA formation54-55 and 
growth,56 gas−particle partitioning,57 reactive uptake on particle surfaces,45-46 and 
ultimately atmospheric impacts.58-59 Thus, knowing the SOA phase state in 
multicomponent SOA populations is key in quantifying the SOA effects on climate and air 
quality. For example, solid aerosol particles are more likely to activate as ice nuclei (IN), 
leading to formation of ice crystals, while liquid aerosol particles are more likely to activate 
as cloud condensation nuclei (CCN), leading to formation of water droplets. Solid particles 
tend to experience relatively slow surface adsorption and reactions, while liquid particles 
















SOA phase is directly related to SOA viscosity, where higher viscosity corresponds 
to a more solid-like phase, while lower viscosity corresponds to a more liquid-like phase. 
Quantitatively, a viscosity of 1012 Pa s and greater is used to describe solid particles, a 
viscosity of 102 Pa s and less is used to described liquid particles, and anything in between 
is considered semi-solid.61 Understanding the viscosity of atmospheric SOA is important 
to improving the predictive capabilities of their atmospheric impacts.53, 62-64 For example, 
viscous semi-solids and glassy solids have been shown to impede water uptake, nucleation, 
and ice growth.65-66 Consider the diffusional mixing time (τmix) within a particle, which can 
Figure 2.3 Simplified visual representation of solid, semi-solid, and 
liquid POA and SOA phase states and their corresponding 
susceptibilities to chemical transformation and ageing when reacting 
with oxidants and other trace gases (red dots).60 
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  (Equation 2.1) 
 
 
An increase in SOA viscosity would translate to a decrease in the diffusion constant, 
causing a significant lengthening of τmix. Modeling indicates that τmix can increase from 
hours to upwards of one year depending on particle size and viscosity.67 Thus, SOA with 
high viscosity tend to have limited water uptake due to kinetic limitations, which would 
inhibit formation of cirrus clouds.68-69 Besides water uptake (made possible via sufficient 
relative humidity), chemical composition and temperature have been deemed a controlling 
factor of aerosol viscosity and phase.70-72 
 Several methods for investigating particle hygroscopicity, viscosity, and phase 
have been reported. However, many methods require large particles (several μm), 
unrealistically high SOA mass loading (CSOA) in the hundreds to thousands of μg m
-3, 
specific particle size selection via a differential mobility analyzer (therefore inherently 
excluding much of the SOA population), and aerosol collection times of hours to days.61, 
73-76 For example, Grayson et al.74 used the poke-and-flow technique to measure the 
viscosity of α-pinene-derived SOA at CSOA between 120 and 14,000 μg m
-3. Generally, it 
was observed that the particle flow time (i.e., surrogate for viscosity) decreased 
significantly as CSOA increased. Kidd et al.
77 found similar results by studying SOA 
impaction patterns onto a germanium crystal, which also permitted FTIR spectroscopic 
analysis of chemical composition. While providing a first observation of this effect, CSOA 
values (1,000 μg m-3) were well above those of atmospheric relevance. Furthermore, 
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particle sizes studied were limited to tens of micrometers by the measurement methods. 
More recently, Jarvinen et al.78 reported on the use of an in situ, real-time optical method 
to detect the viscous state of α-pinene SOA particles and measured their transition from the 
amorphous highly viscous state to states of lower viscosity. Their method is based on the 
depolarising properties of laboratory-produced non-spherical SOA particles and their 
transformation to non-depolarising spherical particles at relative humidity values near the 
deliquescence point. Particles of at least 600 nm geometric mean diameter (GMD) were 
needed to obtain measurable scatter signals. From reported parameters for a typical number 
size distribution of their SOA (GMD = 600 nm, geometric standard deviation, GSD = 1.15 
and total number density, N = 10,000 cm-3), the estimated total CSOA was 1,570 μg m
-3.  
The following chapters discuss utilizing an electrical low pressure impactor (ELPI) 
to overcome many of these challenges, though it should be noted that experimental 
artefacts were unfortunately observed in certain experimental scenarios as well. See 




1. Davidson, C. I.; Phalen, R. F.; Solomon, P. A., Airborne Particulate Matter and 
Human Health: A Review. Aerosol Science and Technology 2005, 39 (8), 737-749. 
2. Seinfeld, J. H.; Pankow, J. F., Organic Atmospheric Particulate Material. Annual 
Review of Physical Chemistry 2003, 54 (1), 121-140. 
3. Zhang, Q.; Jimenez, J. L.; Canagaratna, M. R.; Ulbrich, I. M.; Ng, N. L.; Worsnop, 
D. R.; Sun, Y., Understanding atmospheric organic aerosols via factor analysis of aerosol 
mass spectrometry: a review. Anal Bioanal Chem 2011, 401 (10), 3045-3067. 
4. Kim, K.-H.; Kabir, E.; Kabir, S., A review on the human health impact of airborne 
particulate matter. Environ Int 2015, 74, 136-143. 
19 
5. Haywood, J.; Boucher, O., Estimates of the direct and indirect radiative forcing due 
to tropospheric aerosols: A review. Rev Geophys 2000, 38 (4), 513-543. 
6. Andreae, M. O.; Crutzen, P. J., Atmospheric aerosols: Biogeochemical sources and 
role in atmospheric chemistry. Science 1997, 276 (5315), 1052-1058. 
7. Paasonen, P.; Asmi, A.; Petäjä, T.; Kajos, M. K.; Äijälä, M.; Junninen, H.; Holst, 
T.; Abbatt, J. P. D.; Arneth, A.; Birmili, W.; van der Gon, H. D.; Hamed, A.; Hoffer, A.; 
Laakso, L.; Laaksonen, A.; Richard Leaitch, W.; Plass-Dülmer, C.; Pryor, S. C.; Räisänen, 
P.; Swietlicki, E.; Wiedensohler, A.; Worsnop, D. R.; Kerminen, V.-M.; Kulmala, M., 
Warming-induced increase in aerosol number concentration likely to moderate climate 
change. Nat Geosci 2013, 6 (6), 438-442. 
8. Yu, H.; Kaufman, Y. J.; Chin, M.; Feingold, G.; Remer, L. A.; Anderson, T. L.; 
Balkanski, Y.; Bellouin, N.; Boucher, O.; Christopher, S.; DeCola, P.; Kahn, R.; Koch, D.; 
Loeb, N.; Reddy, M. S.; Schulz, M.; Takemura, T.; Zhou, M., A review of measurement-
based assessments of the aerosol direct radiative effect and forcing. Atmos. Chem. Phys. 
2006, 6 (3), 613-666. 
9. Berkemeier, T.; Shiraiwa, M.; Pöschl, U.; Koop, T., Competition between water 
uptake and ice nucleation by glassy organic aerosol particles. Atmos. Chem. Phys. 2014, 
14 (22), 12513-12531. 
10. Scott, C. E.; Spracklen, D. V.; Pierce, J. R.; Riipinen, I.; D'Andrea, S. D.; Rap, A.; 
Carslaw, K. S.; Forster, P. M.; Artaxo, P.; Kulmala, M.; Rizzo, L. V.; Swietlicki, E.; Mann, 
G. W.; Pringle, K. J., Impact of gas-to-particle partitioning approaches on the simulated 
radiative effects of biogenic secondary organic aerosol. Atmospheric Chemistry and 
Physics 2015, 15 (22), 12989-13001. 
11. Boucher, O.; Randall, D.; rtaxo, P.; Bretherton, C.; Feingold, G.; Forster, P.; 
Kerminen, V.-M.; Kondo, Y.; Liao, H.; Lohmann, U.; Rasch, P.; Satheesh, S. K.; Stevens, 
B.; Zhang, X. Y. The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge, United 
Kingdom and New York, NY, USA, 2013. 
20 
12. Zahardis, J.; Geddes, S.; Petrucci, G. A., Improved understanding of atmospheric 
organic aerosols via innovations in soft ionization aerosol mass spectrometry. Anal. Chem. 
2011, 83 (7), 2409–2415. 
13. Heald, C. L.; Ridley, D. A.; Kreidenweis, S. M.; Drury, E. E., Satellite observations 
cap the atmospheric organic aerosol budget. Geophysical Research Letters 2010, 37 (24). 
14. Kanakidou, M.; Seinfeld, J. H.; Pandis, S. N.; Dentener, F. J.; Facchini, M. C.; Van 
Dingenen, R.; Ervens, B.; Nenes, A.; Nielson, C. J.; Swietlicki, E.; Putaud, J. P.; Balkanski, 
Y.; Fuzzi, S.; Horth, J.; Moortgat, G. K.; Winterhalter, R.; Myhre, C. E. L.; Tsigaridis, K.; 
Vignati, E.; Stephanou, E. G.; Wilson, J., Organic aerosol and global climate modelling: a 
review. Atmos. Chem. Phys. 2005, 5, 1053-1123. 
15. Mohr, C.; Huffman, J. A.; Cubison, M. J.; Aiken, A. C.; Docherty, K. S.; Kimmel, 
J. R.; Ulbrich, I. M.; Hannigan, M.; Jimenez, J. L., Characterization of Primary Organic 
Aerosol Emissions from Meat Cooking, Trash Burning, and Motor Vehicles with High-
Resolution Aerosol Mass Spectrometry and Comparison with Ambient and Chamber 
Observations. Environmental Science & Technology 2009, 43 (7), 2443-2449. 
16. Pöschl, U., Atmospheric aerosols: composition, transformation, climate and health 
effects. Angew. Chem. Int. Ed. 2005, 44, 7520 - 7540. 
17. Hallquist, M.; Wenger, J. C.; Baltensperger, U.; Rudich, Y.; Simpson, D.; Claeys, 
M.; Dommen, J.; Donahue, N. M.; George, C.; Goldstein, A. H.; Hamilton, J. F.; Herrmann, 
H.; Hoffmann, T.; Iinuma, Y.; Jang, M.; Jenkin, M.; Jimenez, J. L.; Kiendler-Scharr, A.; 
Maenhaut, W.; McFiggans, G.; Mentel, T. F.; Monod, A.; Prévôt, A. S. H.; Seinfeld, J. H.; 
Surratt, J. D.; Szmigielski, R.; Wildt, J., The formation, properties and impact of secondary 
organic aerosol: current and emerging issues. Atmos. Chem. Phys. 2009, 9, 5155-5236. 
18. Manish, S.; C., E. R.; Xiaohong, L.; Alla, Z.; Balwinder, S.; Kai, Z.; Po-Lun, M.; 
Duli, C.; Steven, G.; L., J. J.; Qi, Z.; Jerome, F.; J., R. P.; Petri, T., Global transformation 
and fate of SOA: Implications of low-volatility SOA and gas-phase fragmentation 
reactions. J. Geophys. Res.: Atmos. 2015, 120 (9), 4169-4195. 
19. Tsigaridis, K.; Kanakidou, M., Global modelling of secondary organic aerosol in 
the troposphere: a sensitivity analysis. Atmos. Chem. Phys. 2003, 3 (5), 1849-1869. 
21 
20. Goldstein, A. H.; Galbally, I. E., Known and unexplored organic constituents in the 
earth's atmosphere. Environ. Sci. Technol. 2007, 41 (5), 1514-1521. 
21. Hoyle, C. R.; Boy, M.; Donahue, N. M.; Fry, J. L.; Glasius, M.; Guenther, A.; 
Hallar, A. G.; Huff Hartz, K.; Petters, M. D.; Petäjä, T.; Rosenoern, T.; Sullivan, A. P., A 
review of the anthropogenic influence on biogenic secondary organic aerosol. Atmos. 
Chem. Phys. 2011, 11 (1), 321-343. 
22. Martinsson, J.; Monteil, G.; Sporre, M. K.; Kaldal Hansen, A. M.; Kristensson, A.; 
Eriksson Stenström, K.; Swietlicki, E.; Glasius, M., Exploring sources of biogenic 
secondary organic aerosol compounds using chemical analysis and the FLEXPART model. 
Atmos. Chem. Phys. 2017, 17 (18), 11025-11040. 
23. Konig, G.; Brunda, M.; Puxbaum, H.; Hewitt, C. N.; Duckham, S. C.; Rudolph, J., 
Relative Contribution of Oxygenated Hydrocarbons to the Total Biogenic Voc Emissions 
of Selected Mid-European Agricultural and Natural Plant-Species. Atmospheric 
Environment 1995, 29 (8), 861-874. 
24. Olofsson, M.; Ek-Olausson, B.; Ljungstrom, E.; Langer, S., Flux of organic 
compounds from grass measured by relaxed eddy accumulation technique. Journal of 
Environmental Monitoring 2003, 5 (6), 963-970. 
25. Mentel, T. F.; Kleist, E.; Andres, S.; Dal Maso, M.; Hohaus, T.; Kiendler-Scharr, 
A.; Rudich, Y.; Springer, M.; Tillmann, R.; Uerlings, R.; Wahner, A.; Wildt, J., Secondary 
aerosol formation from stress-induced biogenic emissions and possible climate feedbacks. 
Atmos. Chem. Phys. 2013, 13 (17), 8755-8770. 
26. Pinto, D. M.; Nerg, A.-M.; Holopainen, J. K., The Role of Ozone-reactive 
Compounds, Terpenes, and Green Leaf Volatiles (GLVs), in the Orientation of Cotesia 
plutellae. Journal of Chemical Ecology 2007, 33 (12), 2218-2228. 
27. McGenity, T. J.; Crombie, A. T.; Murrell, J. C., Microbial cycling of isoprene, the 
most abundantly produced biological volatile organic compound on Earth. The ISME 
Journal 2018, 12 (4), 931-941. 
28. Zhang, X.; McVay, R. C.; Huang, D. D.; Dalleska, N. F.; Aumont, B.; Flagan, R. 
C.; Seinfeld, J. H., Formation and evolution of molecular products in α-pinene secondary 
organic aerosol. Proc. Natl. Acad. Sci. U. S. A. 2015, 112 (46), 14168-14173. 
22 
29. Harvey, R. M.; Zahardis, J.; Petrucci, G. A., Establishing the contribution of lawn 
mowing to atmospheric aerosol levels in American suburbs. Atmos. Chem. Phys. 2014, 14 
(2), 797-812. 
30. Brilli, F.; Hortnagl, L.; Bamberger, I.; Schnitzhofer, R.; Ruuskanen, T. M.; Hansel, 
A.; Loreto, F.; Wohlfahrt, G., Qualitative and Quantitative Characterization of Volatile 
Organic Compound Emissions from Cut Grass. Environmental Science & Technology 
2012, 46 (7), 3859-3865. 
31. Jimenez, J. L.; Canagaratna, M. R.; Donahue, N. M.; Prevot, A. S. H.; Zhang, Q.; 
Kroll, J. H.; DeCarlo, P. F.; Allan, J. D.; Coe, H.; Ng, N. L.; Aiken, A. C.; Docherty, K. 
S.; Ulbrich, I. M.; Grieshop, A. P.; Robinson, A. L.; Duplissy, J.; Smith, J. D.; Wilson, K. 
R.; Lanz, V. A.; Hueglin, C.; Sun, Y. L.; Tian, J.; Laaksonen, A.; Raatikainen, T.; 
Rautiainen, J.; Vaattovaara, P.; Ehn, M.; Kulmala, M.; Tomlinson, J. M.; Collins, D. R.; 
Cubison, M. J.; Dunlea, J.; Huffman, J. A.; Onasch, T. B.; Alfarra, M. R.; Williams, P. I.; 
Bower, K.; Kondo, Y.; Schneider, J.; Drewnick, F.; Borrmann, S.; Weimer, S.; Demerjian, 
K.; Salcedo, D.; Cottrell, L.; Griffin, R.; Takami, A.; Miyoshi, T.; Hatakeyama, S.; 
Shimono, A.; Sun, J. Y.; Zhang, Y. M.; Dzepina, K.; Kimmel, J. R.; Sueper, D.; Jayne, J. 
T.; Herndon, S. C.; Trimborn, A. M.; Williams, L. R.; Wood, E. C.; Middlebrook, A. M.; 
Kolb, C. E.; Baltensperger, U.; Worsnop, D. R., Evolution of Organic Aerosols in the 
Atmosphere. Science 2009, 326 (5959), 1525-1529. 
32. Pöschl, U.; Martin, S. T.; Sinha, B.; Chen, Q.; Gunthe, S. S.; Huffman, J. A.; 
Borrmann, S.; Farmer, D. K.; Garland, R. M.; Helas, G.; Jimenez, J. L.; King, S. M.; Manzi, 
A.; Mikhailov, E.; Pauliquevis, T.; Petters, M. D.; Prenni, A. J.; Roldin, P.; Rose, D.; 
Schneider, J.; Su, H.; Zorn, S. R.; Artaxo, P.; Andreae, M. O., Rainforest aerosols as 
biogenic nuclei of clouds and precipitation in the Amazon. Science 2010, 329, 1513-1516. 
33. Seinfeld, J. H.; Pandis, S. N., Atmospheric Chemistry and Physics: From Air 
Pollution to Climate Change. Wiley: 2016. 
34. Criegee, R., Mechanism of Ozonolysis. Angewandte Chemie International Edition 
in English 1975, 14 (11), 745-752. 
35. Johnson, D.; Marston, G., The gas-phase ozonolysis of unsaturated volatile organic 
compounds in the troposphere. Chemical Society Reviews 2008, 37 (4), 699-716. 
23 
36. Womack, C. C.; Martin-Drumel, M.-A.; Brown, G. G.; Field, R. W.; McCarthy, M. 
C., Observation of the simplest Criegee intermediate CH<sub>2</sub>OO in the gas-
phase ozonolysis of ethylene. Science Advances 2015, 1 (2), e1400105. 
37. Camredon, M.; Aumont, B.; Lee-Taylor, J.; Madronich, S., The 
SOA/VOC/NO<sub>x</sub> system: an explicit model of secondary organic aerosol 
formation. Atmos. Chem. Phys. 2007, 7 (21), 5599-5610. 
38. Kourtchev, I.; Giorio, C.; Manninen, A.; Wilson, E.; Mahon, B.; Aalto, J.; Kajos, 
M.; Venables, D.; Ruuskanen, T.; Levula, J.; Loponen, M.; Connors, S.; Harris, N.; Zhao, 
D.; Kiendler-Scharr, A.; Mentel, T.; Rudich, Y.; Hallquist, M.; Doussin, J.-F.; Maenhaut, 
W.; Bäck, J.; Petäjä, T.; Wenger, J.; Kulmala, M.; Kalberer, M., Enhanced Volatile Organic 
Compounds emissions and organic aerosol mass increase the oligomer content of 
atmospheric aerosols. Scientific Reports 2016, 6 (1), 35038. 
39. Tolocka, M. P.; Jang, M.; Ginter, J. M.; Cox, F. J.; Kamens, R. M.; Johnston, M. 
V., Formation of Oligomers in Secondary Organic Aerosol. Environmental Science & 
Technology 2004, 38 (5), 1428-1434. 
40. Shrivastava, M.; Cappa, C. D.; Fan, J.; Goldstein, A. H.; Guenther, A. B.; Jimenez, 
J. L.; Kuang, C.; Laskin, A.; Martin, S. T.; Ng, N. L.; Petaja, T.; Pierce, J. R.; Rasch, P. J.; 
Roldin, P.; Seinfeld, J. H.; Shilling, J.; Smith, J. N.; Thornton, J. A.; Volkamer, R.; Wang, 
J.; Worsnop, D. R.; Zaveri, R. A.; Zelenyuk, A.; Zhang, Q., Recent advances in 
understanding secondary organic aerosol: Implications for global climate forcing. Reviews 
of Geophysics 2017, 55 (2), 509-559. 
41. Hartonen, K.; Laitinen, T.; Riekkola, M.-L., Current instrumentation for aerosol 
mass spectrometry. TrAC Trends in Analytical Chemistry 2011, 30 (9), 1486-1496. 
42. Kulmala, M.; Kontkanen, J.; Junninen, H.; Lehtipalo, K.; Manninen, H. E.; 
Nieminen, T.; Petäjä, T.; Sipilä, M.; Schobesberger, S.; Rantala, P.; Franchin, A.; Jokinen, 
T.; Järvinen, E.; Äijälä, M.; Kangasluoma, J.; Hakala, J.; Aalto, P. P.; Paasonen, P.; 
Mikkilä, J.; Vanhanen, J.; Aalto, J.; Hakola, H.; Makkonen, U.; Ruuskanen, T.; Mauldin, 
R. L.; Duplissy, J.; Vehkamäki, H.; Bäck, J.; Kortelainen, A.; Riipinen, I.; Kurtén, T.; 
Johnston, M. V.; Smith, J. N.; Ehn, M.; Mentel, T. F.; Lehtinen, K. E. J.; Laaksonen, A.; 
24 
Kerminen, V.-M.; Worsnop, D. R., Direct Observations of Atmospheric Aerosol 
Nucleation. Science 2013, 339 (6122), 943-946. 
43. Zhang, R.; Khalizov, A. F.; Wang, L.; Hu, M.; Xu, W., Nucleation and Growth of 
Nanoparticles in the Atmosphere. Chem. Rev. 2012, 112, 1957-2011. 
44. Kolb, C. E.; Cox, R. A.; Abbatt, J. P. D.; Ammann, M.; Davis, E. J.; Donaldson, D. 
J.; Garrett, B. C.; George, C.; Griffiths, P. T.; Hanson, D. R.; Kulmala, M.; McFiggans, G.; 
Pöschl, U.; Riipinen, I.; Rossi, M. J.; Rudich, Y.; Wagner, P. E.; Winkler, P. M.; Worsnop, 
D. R.; O' Dowd, C. D., An overview of current issues in the uptake of atmospheric trace 
gases by aerosols and clouds. Atmos. Chem. Phys. 2010, 10 (21), 10561-10605. 
45. Kuwata, M.; Martin, S. T., Phase of atmospheric secondary organic material affects 
its reactivity. Proceedings of the National Academy of Sciences of the United States of 
America 2012, 109 (43), 17354-17359. 
46. Pajunoja, A.; Lambe, A. T.; Hakala, J.; Rastak, N.; Cummings, M. J.; Brogan, J. 
F.; Hao, L.; Paramonov, M.; Hong, J.; Prisle, N. L.; Malila, J.; Romakkaniemi, S.; 
Lehtinen, K. E. J.; Laaksonen, A.; Kulmala, M.; Massoli, P.; Onasch, T. B.; Donahue, N. 
M.; Riipinen, I.; Davidovits, P.; Worsnop, D. R.; Petäjä, T.; Virtanen, A., Adsorptive 
uptake of water by semisolid secondary organic aerosols. Geophysical Research Letters 
2015, 42 (8), 3063-3068. 
47. Chan, A. W. H.; Kroll, J. H.; Ng, N. L.; Seinfeld, J. H., Kinetic modeling of 
secondary organic aerosol formation: effects of particle- and gas-phase reactions of 
semivolatile products. Atmospheric Chemistry and Physics 2007, 7 (15), 4135-4147. 
48. Vaden, T. D.; Imre, D.; Beranek, J.; Shrivastava, M.; Zelenyuk, A., Evaporation 
kinetics and phase of laboratory and ambient secondary organic aerosol. Proceedings of 
the National Academy of Sciences of the United States of America 2011, 108 (6), 2190-
2195. 
49. Loza, C. L.; Coggon, M. M.; Nguyen, T. B.; Zuend, A.; Flagan, R. C.; Seinfeld, J. 
H., On the Mixing and Evaporation of Secondary Organic Aerosol Components. Environ 
Sci Technol 2013, 47 (12), 6173-6180. 
25 
50. Cappa, C. D.; Wilson, K. R., Evolution of organic aerosol mass spectra upon 
heating: implications for OA phase and partitioning behavior. Atmospheric Chemistry and 
Physics 2011, 11 (5), 1895-1911. 
51. Sato, K.; Fujitani, Y.; Inomata, S.; Morino, Y.; Tanabe, K.; Ramasamy, S.; Hikida, 
T.; Shimono, A.; Takami, A.; Fushimi, A.; Kondo, Y.; Imamura, T.; Tanimoto, H.; Sugata, 
S., Lower than expected volatility of secondary organic aerosols formed during α-pinene 
ozonolysis. Atmos. Chem. Phys. Discuss. 2017, 2017, 1-17. 
52. Virtanen, A.; Joutsensaari, J.; Koop, T.; Kannosto, J.; Yli-Pirilä, P.; Leskinen, J.; 
Mäkelä, J. M.; Holopainen, J. K.; Pöschl, U.; Kulmala, M.; Worsnop, D. R.; Laaksonen, 
A., An amorphous solid state of biogenic secondary organic aerosol particles. Nature 2010, 
467, 824-827. 
53. Koop, T.; Bookhold, J.; Shiraiwa, M.; Poschl, U., Glass transition and phase state 
of organic compounds: dependency on molecular properties and implications for secondary 
organic aerosols in the atmosphere. Phys Chem Chem Phys 2011, 13 (43), 19238-19255. 
54. Perraud, V.; Bruns, E. A.; Ezell, M. J.; Johnson, S. N.; Yu, Y.; Alexander, M. L.; 
Zelenyuk, A.; Imre, D.; Chang, W. L.; Dabdub, D.; Pankow, J. F.; Finlayson-Pitts, B. J., 
Nonequilibrium atmospheric secondary organic aerosol formation and growth. 
Proceedings of the National Academy of Sciences of the United States of America 2012, 
109 (8), 2836-2841. 
55. O'Brien, R. E.; Neu, A.; Epstein, S. A.; MacMillan, A. C.; Wang, B.; Kelly, S. T.; 
Nizkorodov, S. A.; Laskin, A.; Moffet, R. C.; Gilles, M. K., Physical properties of ambient 
and laboratory-generated secondary organic aerosol. Geophysical Research Letters 2014, 
41 (12), 4347-4353. 
56. Power, R. M.; Simpson, S. H.; Reid, J. P.; Hudson, A. J., The transition from liquid 
to solid-like behaviour in ultrahigh viscosity aerosol particles. Chem. Sci. 2013, 4 (6), 
2597-2604. 
57. Shiraiwa, M.; Zuend, A.; Bertram, A. K.; Seinfeld, J. H., Gas-particle partitioning 
of atmospheric aerosols: interplay of physical state, non-ideal mixing and morphology. 
Phys Chem Chem Phys 2013, 15 (27), 11441-11453. 
26 
58. Virtanen, A.; Kannosto, J.; Kuuluvainen, H.; Arffman, A.; Joutsensaari, J.; Saukko, 
E.; Hao, L.; Yli-Pirila, P.; Tiitta, P.; Holopainen, J. K.; Keskinen, J.; Worsnop, D. R.; 
Smith, J. N.; Laaksonen, A., Bounce behavior of freshly nucleated biogenic secondary 
organic aerosol particles. Atmospheric Chemistry and Physics 2011, 11 (16), 8759-8766. 
59. Slade, J. H.; Shiraiwa, M.; Arangio, A.; Su, H.; Pöschl, U.; Wang, J.; Knopf, D. A., 
Cloud droplet activation through oxidation of organic aerosol influenced by temperature 
and particle phase state. Geophysical Research Letters 2017, 44 (3), 1583-1591. 
60. Shiraiwa, M.; Ammann, M.; Koop, T.; Poschl, U., Gas uptake and chemical aging 
of semisolid organic aerosol particles. proceedings of the National Academy of Sciences of 
the United States of America 2011, 108 (27), 11003-11008. 
61. Bateman, A. P.; Bertram, A. K.; Martin, S. T., Hygroscopic Influence on the 
Semisolid-to-Liquid Transition of Secondary Organic Materials. J. Phys. Chem. A 2015, 
119 (19), 4386-4395. 
62. Bateman, A. P.; Gong, Z. H.; Liu, P. F.; Sato, B.; Cirino, G.; Zhang, Y.; Artaxo, P.; 
Bertram, A. K.; Manzi, A. O.; Rizzo, L. V.; Souza, R. A. F.; Zaveri, R. A.; Martin, S. T., 
Sub-micrometre particulate matter is primarily in liquid form over Amazon rainforest. Nat 
Geosci 2016, 9 (1), 34-+. 
63. Shiraiwa, M.; Li, Y.; Tsimpidi, A. P.; Karydis, V. A.; Berkemeier, T.; Pandis, S. 
N.; Lelieveld, J.; Koop, T.; Poschl, U., Global distribution of particle phase state in 
atmospheric secondary organic aerosols. Nature Communications 2017, 8. 
64. Li, Y.; Day, D. A.; Stark, H.; Jimenez, J. L.; Shiraiwa, M., Predictions of the glass 
transition temperature and viscosity of organic aerosols from volatility distributions. 
Atmos. Chem. Phys. 2020, 20 (13), 8103-8122. 
65. Zobrist, B.; Marcolli, C.; Pedernera, D. A.; Koop, T., Do atmospheric aerosols form 
glasses? Atmospheric Chemistry and Physics 2008, 8 (17), 5221-5244. 
66. Murray, B. J., Inhibition of ice crystallisation in highly viscous aqueous organic 
acid droplets. Atmos. Chem. Phys. 2008, 8 (17), 5423-5433. 
67. Shiraiwa, M.; Ammann, M.; Koop, T.; Pöschl, U., Gas uptake and chemical aging 
of semisolid organic aerosol particles. Proceedings of the National Academy of Science of 
the United States of America 2011 108 (27), 11003-11008. 
27 
68. Mikhailov, E.; Vlasenko, S.; Martin, S. T.; Koop, T.; Pöschl, U., Amorphous and 
crystalline aerosol particles interacting with water vapor: conceptual framework and 
experimental evidence for restructuring, phase transitions and kinetic limitations. Atmos. 
Chem. Phys. 2009, 9, 9491-9522. 
69. Tong, H. J.; Reid, J. P.; Bones, D. L.; Luo, B. P.; Krieger, U. K., Measurements of 
the timescales for the mass transfer of water in glassy aerosol at low relative humidity and 
ambient temperature. Atmos. Chem. Phys. 2011, 11 (10), 4739-4754. 
70. Reid, J. P.; Bertram, A. K.; Topping, D. O.; Laskin, A.; Martin, S. T.; Petters, M. 
D.; Pope, F. D.; Rovelli, G., The viscosity of atmospherically relevant organic particles. 
Nature Communications 2018, 9. 
71. Krieger, U. K.; Marcolli, C.; Reid, J. P., Exploring the complexity of aerosol 
particle properties and processes using single particle techniques. Chemical Society 
Reviews 2012, 41 (19), 6631-6662. 
72. Martin, S. T., Phase transitions of aqueous atmospheric particles. Abstr Pap Am 
Chem S 2001, 221, U463-U463. 
73. Renbaum-Wolff, L.; Grayson, J. W.; Bateman, A. P.; Kuwata, M.; Sellier, M.; 
Murray, B. J.; Shilling, J. E.; Martin, S. T.; Bertram, A. K., Viscosity of α-pinene secondary 
organic material and implications for particle growth and reactivity. Proceedings of the 
National Academy of Sciences 2013, 110 (20), 8014-8019. 
74. Grayson, J. W.; Zhang, Y.; Mutzel, A.; Renbaum-Wolff, L.; Böge, O.; Kamal, S.; 
Herrmann, H.; Martin, S. T.; Bertram, A. K., Effect of varying experimental conditions on 
the viscosity of α-pinene derived secondary organic material. Atmos. Chem. Phys. 2016, 
16 (10), 6027-6040. 
75. You, Y.; Renbaum-Wolff, L.; Carreras-Sospedra, M.; Hanna, S. J.; Hiranuma, N.; 
Kamal, S.; Smith, M. L.; Zhang, X.; Weber, R. J.; Shilling, J. E.; Dabdub, D.; Martin, S. 
T.; Bertram, A. K., Images reveal that atmospheric particles can undergo liquid–liquid 
phase separations. Proceedings of the National Academy of Sciences 2012, 109 (33), 
13188-13193. 
76. Tang, M. J.; Chan, C. K.; Li, Y. J.; Su, H.; Ma, Q. X.; Wu, Z. J.; Zhang, G. H.; 
Wang, Z.; Ge, M. F.; Hu, M.; He, H.; Wang, X. M., A review of experimental techniques 
28 
for aerosol hygroscopicity studies. Atmospheric Chemistry and Physics 2019, 19 (19), 
12631-12686. 
77. Kidd, C.; Perraud, V.; Wingen, L. M.; Finlayson-Pitts, B. J., Integrating phase and 
composition of secondary organic aerosol from the ozonolysis of alpha-pinene. 
Proceedings of the National Academy of Sciences of the United States of America 2014, 
111 (21), 7552-7557. 
78. Jarvinen, E.; Ignatius, K.; Nichman, L.; Kristensen, T. B.; Fuchs, C.; Hoyle, C. R.; 
Hoppel, N.; Corbin, J. C.; Craven, J.; Duplissy, J.; Ehrhart, S.; El Haddad, I.; Frege, C.; 
Gordon, H.; Jokinen, T.; Kallinger, P.; Kirkby, J.; Kiselev, A.; Naumann, K. H.; Petaja, T.; 
Pinterich, T.; Prevot, A. S. H.; Saathoff, H.; Schiebel, T.; Sengupta, K.; Simon, M.; Slowik, 
J. G.; Trostl, J.; Virtanen, A.; Vochezer, P.; Vogt, S.; Wagner, A. C.; Wagner, R.; 
Williamson, C.; Winkler, P. M.; Yan, C.; Baltensperger, U.; Donahue, N. M.; Flagan, R. 
C.; Gallagher, M.; Hansel, A.; Kulmala, M.; Stratmann, F.; Worsnop, D. R.; Mohler, O.; 
Leisner, T.; Schnaiter, M., Observation of viscosity transition in alpha-pinene secondary 





Chapter 3: Laboratory Infrastructure 
 
 
 The gas phase reactions leading to SOA formation and the subsequent chemical 
and physical transformations of SOA are studied in laboratory settings using environmental 
chambers. This allows researchers to isolate atmospheric chemistry under controlled 
conditions where oxidation of a single VOC can be investigated, which reduces complexity 
and enables greater insight into SOA formation.1-2 Probing the SOA formed in chambers 
is a separate challenge itself. In the Petrucci group laboratory for example, we have 
commonly faced challenges involving reproducibility and instrumental artefacts. Particle 
deposition to the chamber walls (commonly referred to as wall loss) and cleaning protocols 
can also impact data collected and our subsequent interpretations. These may occur 
simultaneously, making it challenging to deconvolute and address the underlying cause.  
Recent developments in the aerosol science field have led to improved 
instrumentation and techniques, expanding our capabilities to probe chemical composition, 
size, mixing state, ageing, and multiphase (heterogeneous) reactions as a function of time 
and location.3 Still, further work and improvements are warranted. The Petrucci group 
laboratory infrastructure consists of a suite of instrumentation, reaction chambers, and 
glassware that allows laboratory personnel to 1) generate aerosol standards and produce 
SOA under desired relative humidity, 2) monitor ozone and NOx concentrations, relative 
humidity, and temperature within reaction chambers 3) monitor and probe, in near real 
time, the chemical composition, phase state, and concentrations of aerosol utilizing 
exclusively on-line measurement techniques, as well as the composition of gas phase 
compounds utilizing an off-line technique, and 4) clean, passivate, and vent reaction 
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chambers following experiments and in preparation for subsequent experiments. The 
relevant infrastructure utilized for the work presented herein is described next. 
 
3.1 Reaction Chambers 
 All experimental work was conducted in batch type environmental chambers 
(Figure 3.1) designed with flexible Teflon (polytetrafluoroethylene) film walls that are able 
to modestly expand and shrink to adjust to the air pressure within the chamber.2 These 
batch type chambers are initially filled with selected gases (in our case, with green leaf 
volatiles (GLVs) acting as SOA precursors) followed by injection of an oxidant (such as 
ozone) to initiate the reaction. Aerosols are probed by withdrawing samples directly from 
the reaction chamber for direct on-line measurements. Two chambers, the University of 
Vermont Environmental Chamber (UVMEC) with a volume of 8 m3 (8,000 L), and a 
smaller 775 L chamber (pillow bag), were separately utilized for experimental work. Each 
chamber is equipped with multiple injection and sampling ports for introduction of 
reactants and aerosol sampling for direct on-line measurements. Additionally, the UVMEC 
is equipped with a fan to ensure sufficient mixing within the chamber. 
 For the GLVs, a glass micro-syringe was used to quantitatively transfer GLV 
aliquots into a glass three-neck flask that was placed in a hot water bath. The liquid phase 
GLV content within the flask was visually monitored as a flow of dry, particle-free air 
carried the volatilized GLV into the reaction chamber. Ozone was subsequently introduced 
into the chamber at desired concentrations with an ozone generator (1KNT, Enaly, 
Shanghai, China) using dry, particle free air. The concentration of ozone introduced into 
the chamber was controlled through a combination of varying injection times and dilution 
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of the ozone- rich air prior to entry into the chamber. For generation of aerosol standards, 
a pneumatic pump was used to feed an aqueous solution of the desired compound into a V-
groove pneumatic nebulizer, which aerosolized the solution with dry, particle free air. A 
cyclonic spray chamber was used to remove larger droplets, after which the stream of air 
carried the aerosolized droplets through a diffusion dryer to remove water content, after 
which the dried aerosol entered the chamber.  
 Relative humidity (RH) inside reaction chambers was controlled by injection of 
humidified air generated by passage of particle-free air through two, 4 L glass containers 
containing deionized water. The first container was maintained at 35 °C water temperature 
via a hot plate, while the second (immediately before injection into the chamber) was held 
at room temperature. RH inside the chamber was monitored using a mounted probe (HMT 
130, Vaisala Corp., Helsinki, Finland). 
 Following completion of experiments, the chambers were flushed with dry, particle 
free air continuously until commencement of the next experiment. The chambers were also 
regularly passivated overnight using an aqueous solution of roughly 50% by volume H2O2, 
which was heated in a flask in a hot water bath and allowed to flow into the chamber. Then, 
UV lamps were switched on to generate OH radicals (H2O2 + hν → 2OH), which are highly 




Figure 3.1 Schematic of environmental chamber setup. Note that fan is only present 
in UVMEC. Not depicted: UV lights surrounding chamber. VOC: volatile organic 
compound; O3: ozone; ELPI+: electrical low pressure impactor; NIR-LDI-AMS: near-
infrared laser desorption-ionization aerosol mass spectrometer; SMPS: scanning 
mobility particle sizer; RH: relative humidity. 
 
 
 One chamber artefact common among all environmental chambers that must be 
corrected for is known as wall loss, which involves particle deposition onto chamber walls. 
Aerosol in the chamber is transported to the walls by processes such as diffusion, 
gravitational settling, and electrostatic forces.4-5 This deposition rate, which leads to 
decreased values of particle number concentrations (# cm-3) and mass loadings (µg m-3) 
reported by the scanning mobility particle sizer (SMPS; see below), is approximated using 
aerosol standards such as (NH4)2SO4 (ammonium sulfate; AS). The deposition rate is then 
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used to correct for aerosol wall losses. This is completed as follows: AS particles were 
injected into the reaction chamber and the corresponding concentration [(NH4)2SO4] (µg 
m-3) was recorded as a function of time. The decay in [(NH4)2SO4] is exponential. Taking 
a plot of ln[(NH4)2SO4] as a function of time (seconds) gives a first order loss and yields a 
straight line in the form of y = mx + b (Figure 3.2), where m (slope) is used in Equation 
3.1 to determine the wall loss corrected CSOA (µg m
-3) at time t for the SOA generated (in 
separate experiments): 
 
Wall Loss Corrected CSOAt = e
tpost-ozone * m + ln[CSOA]t   (Equation 3.1)6 
 
Here, tpost-ozone corresponds to the time (seconds) since initiation of ozonolysis at time t, and 
m (slope) is taken from the previously described plot. The half-life (given by ln[2]/m) for 
AS in our UVMEC is 9,900 seconds (2.8 hours). Wall loss corrections for data presented 






Figure 3.2 Plot of ln[(NH4)2SO4] in the UVMEC as a function of time since 
injection. Slope (m) obtained here is used in Equation 3.1 to determine wall 
loss corrected CSOA for separate SOA experiments. Maximum [(NH4)2SO4] 
observed was approximately 30 µg m-3. 
 
 
3.2 Scanning Mobility Particle Sizer 
A workhorse for the Petrucci lab and aerosol scientists, the scanning mobility 
particle sizer (SMPS) provides particle size distribution for polydisperse (many sizes) 
aerosol via on-line measurements. A commercially available instrument manufactured by 
TSI Incorporated (Shoreview, MN), the SMPS consists of a bipolar diffusion neutralizer, 
an electrostatic classifier (differential mobility analyzer, DMA; Figure 3.3),7 and a 
condensation particle counter (CPC; Figure 3.4).8 Particles being sampled from the reaction 
chamber are first subjected to a bipolar diffusion neutralizer prior to entry into the DMA. 
Polydisperse particle populations, which can vary in their charge distributions, are treated 
via a bipolar diffusion neutralizer (usually an x-ray source) to establish charge equilibrium 
and known charge distributions as a function of aerosol particle size.9-10 Then, the DMA, 

















Time (seconds) Since Injection
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which contains a high voltage rod, separates polydisperse aerosol populations based on 
their electrical mobility diameter. To accomplish this, the DMA voltage is scanned across 
a user-defined range and the voltage applied at any given time corresponds, nominally, to 
the measurement of a narrow range of particle diameters. Sheath air is also added in the 
DMA, which consists of dry, particle free air to maintain laminar air flow within the DMA 
and provide a resistance of particle flow toward the central rod. 11 Following separation 
within the DMA, a nearly monodisperse (one particle size) flow of particles exits slits 
positioned at the exit of the DMA and is directed into the CPC to count the particles. As 
the DMA scans across its user-defined voltage range, the size of the monodisperse aerosol 
exiting the DMA and entering the CPC changes over time. 
A vapor produced by the CPC’s external working fluid (butanol) is first allowed to 
saturate the air sample containing the monodisperse aerosol that are flowing from the 
DMA. Then, condensation of the vapor occurs onto the particles, leading to growth of the 
particles, which then pass through the focal point of a laser to allow the instrument to 
optically count each particle.12 SMPS operation, which was frequently utilized in 
conjunction with other instrumentation, and relevant experimental parameters are noted in 
the following chapters. All particle number concentrations (# cm-3) and mass loadings (µg 
m-3) presented herein were determined using the SMPS.  
For aerosol standards, the appropriate particle density was used for number 
concentration and mass loading calculations by the instrument. For all SOA systems 
studied here, a density of 1.2 g cm-3 was assumed based on previous work by Pathak et al. 
and Nakao et al.13-14 Additional assumptions are built in to the SMPS output, including 
particle shape. The particle shape is assumed to be spherical, but in practice they are often 
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slightly anisometric,15 which can change particle drag properties,16 though the spherical 














Figure 3.3 TSI Inc. differential 
mobility analyzer (DMA) used in the 
SMPS setup. Sheath and aerosol flow 
rates are adjusted as desired and noted 
accordingly. Figure courtesy of TSI, 
Inc.7  
Figure 3.4 TSI Inc. condensation particle 
counter (CPC), as part of the SMPS setup. 
When butanol is used as an external 
source, the relative temperatures of the 
conditioner and growth tube are switched. 
Figure courtesy of TSI, Inc8  
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3.3 Near-Infrared Laser Desorption-Ionization Aerosol Mass Spectrometer 
 The Petrucci lab has previously developed a method for the real time, on-line 
chemical analysis of secondary organic aerosols utilizing the custom designed near-
infrared laser desorption-ionization aerosol mass spectrometer (NIR-LDI-AMS), which 
takes advantage of NIR laser pulses to vaporize and ionize particles deposited on an 
aluminum probe. A soft ionization technique resulting in minimum fragmentation, it 
produces intact pseudomolecular anions [M – H]- that are subsequently subjected to a 
reflectron time-of-flight (TOF) mass spectrometer for analysis (Figure 3.5). Briefly, 
particles are sampled through a particle inlet and then led through an adjustable Liu-type 
aerodynamic particle lens into a vacuum stage. Then, sample particles are led through 
another orifice into the second vacuum stage in the ionization region, where samples strike 
and adhere onto the aluminum probe/wire. The sample particle beam is aligned to the 
aluminum probe with the assistance of a 532 nm continuous wave laser, while desorption 
and ionization is carried out using a 1064 nm laser pulse.17-19 As this was not the main 
focus of this dissertation, further operational details and method validation can be found in 
the cited literature and references therein. Relevant parameters utilized for studies 




Figure 3.5 Near-infrared laser desorption-ionization aerosol mass 
spectrometer (NIR-LDI-AMS) utilized to probe chemical composition of 1-




3.4 Electrical Low Pressure Impactor 
An electrical low pressure impactor (ELPI+, Dekati, Kangasala, Finland) was 
utilized to qualitatively elucidate the phase state of aerosol standards and the SOA systems 
studied here. This was accomplished by calculating bounce factor (BF), which describes 
the amount of particle bounce exhibited by a sampled aerosol population within the 
impactor (more below). The ELPI consists of 15 stages (13 active impaction stages, 1 filter 
stage) with sequentially smaller cut-off impaction diameters (D50; particle size with a 50% 
collection efficiency) ranging from 10 µm (stage 15) to 6 nm (stage 1/filter stage) (Table 
3.1). Stage 15 is not measured electrically. The ELPI classifies particles based on their 
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aerodynamic diameter. Operation of the ELPI can be divided into three main stages 
following aerosol sampling at a flow rate of 10 L min-1: (1) unipolar corona charging of 
the aerosols, (2) size classification of these charged aerosols in a Berner type low pressure 
cascade impactor based on aerodynamic diameter, and (3) measurement of electrical 
currents generated by collected particles using a series of electrometers for each stage 
(which matches the corresponding channel).  
Unipolar charging of aerosols is carried out for the purpose of electrically detecting 
the particles upon impaction onto the impactor stages. Impaction of the charged particles 
induces a current on each stage: 
 
I=PneUN   Equation 3.2 
 
where I is the induced current (A), P is the fraction of particles N (# cm-3) penetrating 
through the corona charger, n is the average number of charges per particles, e is the 
elementary charge (C), and U is the volumetric flow rate (cm3 s-1).20 Raw current values 
are subject to a correction algorithm correcting for diffusion and space charger losses.21-23  
Contrary to the electrical mobility diameter in the SMPS, particles in the ELPI are 
classified based on their aerodynamic diameter, where larger particles impact on upper 
stages in the ELPI and smaller particles impact on lower stages. Once particles are 
classified based on their aerodynamic diameter, they can either adhere or proceed to 
bounce/rebound from the impaction stage surface. Particle bounce from a surface depends 
on the velocity of the particle upon impaction, adhesion energy/kinetic energy, and energy 
loss mechanisms upon collision. Impaction of a particle with a surface results in loss of its 
incident kinetic energy. The particle subsequently either adheres to, or bounces from, the 
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surface. After impaction, the incident kinetic energy is balanced by energy relaxation 
terms, including dissipation energy, adhesion energy and rebound energy.24-26 Therefore, a 
rebound energy that is greater than the sum of dissipation and adhesion energies results in 
particle bounce, which is characteristic of semi-solid and solid particles. On the other hand, 
liquid particles fail to rebound and are collected at their impaction stage. Figures 3.6 and 
3.7 illustrate the particle aerodynamic size classification that occurs and potential particle 




Figure 3.6 Schematic (not to scale) of ELPI stages with 
smooth aluminum surfaces showing the 14 active 
collection/impaction plates corresponding to decreasing 
particle sizes starting from the top where aerosols first enter the 
impactor. The collection plate is also referred to as the filter 
stage (stage 1). The large circle labeled with “1” is a solid 
particle entering the ELPI. It moves through the ELPI and 
impacts at position “2”, but rebounds and continues onward 
and rebounds off subsequent stages until detected at position 
“3” on the lowest stage. Not shown: unipolar charging of 











Figure 3.7 Schematic (not to scale) of ELPI stages with 
sintered greased surfaces showing the 14 active 
collection/impaction plates corresponding to decreasing 
particle sizes starting from the top where aerosols first enter the 
impactor. The collection plate is also referred to as the filter 
stage (stage 1). The large circle labeled with “1” is a solid 
particle entering the ELPI. It moves through the ELPI and 
impacts at position “2” and adheres without rebounding. Not 
shown: unipolar charging of aerosols, which occurs 







Stage D50 (µm) tres (ms) Pn (kPa) 
15 9.87 0 101.32 
14 5.36 102.9 101.3 
13 3.65 73.6 101.25 
12 2.47 57.8 101.19 
11 1.63 57.1 101.01 
10 0.947 62.2 100.5 
9 0.602 58.5 99.59 
8 0.381 55.2 97.21 
7 0.255 50.5 88.8 
6 0.155 39.1 68.86 
5 0.0941 22.2 38.44 
4 0.0528 12.7 21.86 
3 0.0296 5.6 9.73 
2 0.0161 2.4 4.48 





The Petrucci group has developed a novel on-line method to infer the phase state 
of SOA based on aerosol bounce factor (BF) calculated from ELPI experimental data.20 
Our ELPI setup, which is modified from the standard commercial setup, consists of two 
separate sets of cascade impactors (containing the 15 impactor stages), one equipped with 
smooth impactor plates favoring particle bounce, while the other is equipped with sintered 
impaction plates coated with vacuum grease to prevent particle bounce (Figures 3.6, 3.7). 
Table 3.1 Aerodynamic cut point diameter 
(D50), particle residence times (tres), and 
downstream pressures (Pn) for ELPI stages. 
D50 can vary slightly based on aerosol 
density and impactor type (smooth or 
sintered) used; however, D50 of filter stage 
(stage 1) remains constant. 
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Utilizing the smooth impaction plates, particles with sufficient kinetic energy can 
overcome the adhesion energy at the impactor plate surface and bounce to lower impactor 
plates. This results in a systematic bias of the particle size distribution (and therefore 
measured electrical current) toward the lower impactor plates corresponding to smaller 
particle diameters. As a result, the presence of particle bounce generates an erroneously 
high current in the lower impactor stage, where larger particles are counted as smaller 
particles.  
BF is calculated using corrected current values according to Equation 3.3, where 
IFilter Smooth
 (bounce)
 and I Filter Sintered
 (no bounce)
 are the currents measured at the filter stage (smallest diameter 
channel) of the smooth and sintered plates, respectively. ∑ I (impactor stage > filter)
 (no bounce)
 is the sum 
of the currents obtained for all impactor stages of the sintered plates except the filter stage.  
 
Bounce Factor (BF) = 
I Filter Smooth
(bounce)
 - I Filter Sintered
(no bounce)
Σ I Impactor Stage>Filter
(no bounce)   Equation 3.3 
 
Sequential experiments, where smooth plates were first used followed by sintered plates 
and vice versa, were conducted under identical conditions and experimental parameters. A 
BF of 0 indicates no particle bounce among the aerosol sampled, while a BF closer to 1 
indicates prevalence of particle bounce among the aerosol sampled.  
The ELPI method and instrumentation setup, as presented here, was utilized for the 
work discussed in Chapter 4 and Chapter 5 involving investigations of BF of 1-octen-3-ol 
(OTL) derived SOA and as a function of varying SOA mass loadings, respectively. The 
work presented in Chapter 6, focusing on ELPI impactor RH, utilized a modified version 
of the method, but still relied on the fundamental particle bounce operating principles 
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presented herein. Chapter 7 discusses preliminary results for a new high resolution ELPI 
mode adapted for our particle bounce measurements, where its potential uses to probe SOA 
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Chapter 4: SOA Production from Sugarcane Derived GLV: 1-octen-3-ol 
 
 
The following is an expansion upon a manuscript that has been submitted and accepted for 
publication. Full reference is as follows: 
 
Fischer, K. B., Gold, C. S., Harvey, R. M., Petrucci, A. N., Petrucci, G. A. Ozonolysis 
Chemistry and Phase Behavior of 1‑Octen-3-ol-Derived Secondary Organic Aerosol. ACS 




Atmospheric aerosols play essential roles in climactic processes, including 
participation in heterogeneous chemical reactions and affecting the distribution, abundance 
and transport of trace gases.1-2 Atmospheric aerosols furthermore influence the Earth’s 
radiative budget by absorbing and scattering radiation (the direct effect)3 and by acting as 
cloud condensation/ice nuclei (the indirect effect),4-5 which themselves absorb/scatter 
radiation and also contribute to local weather phenomena.6 
Organic aerosols (OG) in particular contribute 20-50% to the total fine particle 
mass at continental mid-latitudes, while in tropical forested areas contributions reach up to 
90%.7-9 More importantly, the majority of OG (70-90%) is secondary in nature (SOA), 
having been produced by the gas-phase oxidation of volatile organic compounds (VOCs) 
present in the atmosphere.10-11 While important strides have been made in better 
understanding SOA, many of the fundamental processes governing the formation, growth, 
and chemical and physical properties are still poorly understood. In fact, recent estimates 
of global SOA production rates suggest that important SOA precursors are still unidentified 
and that there remains a poor understanding of the chemical processes leading to        
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SOA.12-15 This lack of understanding also likely contributes to discrepancies between 
model predictions and observed atmospheric aerosol content.16  
One approach to identify VOCs acting as SOA precursors involves identifying land 
uses that cover large areas, followed by characterization of volatile emissions and resulting 
SOA formed from oxidation of those emissions.17 For example, previous work has 
identified specific green leaf volatiles (GLVs), a subset of VOCs, emitted by turf grasses 
and probed the subsequent SOA products formed via ozonolysis.17 However, many other 
potential GLV sources and their contribution to atmospheric aerosols remain largely 
unexplored. 
The hand harvesting of sugarcane often involves a pre-harvest burn that produces 
a large amount of smoke, which is a major source of primary organic aerosol (POA).18-22 
Regarding SOA, Chang et al.23 characterized the emissions of sugarcane extract and found 
that the predominant emissions were isoprene and monoterpenes and that about 30% of the 
emissions were other VOCs. The additional VOCs have yet to be characterized and may 
contain additional SOA precursors. The volatile emissions released during the pre-harvest 
burn and the harvesting of sugarcane itself, however, have not been characterized. Thus, 
the potential contribution of these GLVs to SOA has, to the best of our knowledge, not 
been evaluated.  
Sugarcane is a C4 plant in the poaceae genus
24 and is expected to have emission 
profiles dominated by GLVs.25 Sugarcane covers a vast area of land: 70 million acres 
globally and nearly 1 million acres in the US alone.26 As a tropical plant, sugarcane is 
harvested during dry and sunny weather during hurricane and typhoon free months.27 
Additionally, tropospheric ozone is often present at elevated concentrations on sunny 
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days.28-29 The GLV emission potential, large land area coverage, and presence of ozone 
together suggest that sugarcane growing and harvesting related activities may contribute 
significantly to regional SOA. 
Here, a GLV emission profile was measured for wounded sugarcane leaves and 
found to be composed primarily of cis-3-hexenyl acetate (CHA), cis-3-hexen-1-ol (HXL), 
and 1-octen-3-ol (OTL). Chemical mechanisms of SOA formation and yields by ozonolysis 
of CHA and HXL ozonolysis have been previously investigated.17, 30-31 Importantly, 
reported SOA yields were of the same order as those of prominent atmospheric terpenes, 
such as α-pinene and limonene. Therefore, the current report focuses on OTL and the 
chemistry behind its subsequent ozonolysis and SOA formation. The SOA contribution of 
OTL is reported via chemical characterization, utilizing a Near-Infrared Laser 
Desorption/Ionization Aerosol Mass Spectrometer (NIR-LDI-AMS), and bounce factor 
(BF, a surrogate for particle viscosity) determination, utilizing an Electrical Low Pressure 
Impactor (ELPI+). Additionally, a mechanistic pathway for the formation of multi-
generational OTL-derived SOA products is proposed and an approximate SOA yield and 
ozonolysis rate constant are reported. 
 
4.2 Methods and Materials 
In all experiments, ozone was produced with a commercial generator (1KNT, 
Enaly, Shanghai, China) using dry, particle free air. Ozone was injected by diverting the 
output flow of the generator to the chamber for a pre-determined time pulse to yield the 
desired ozone concentration. Typical injection pulses were in the range of 10 – 35 seconds.  
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Two Teflon reaction chambers were utilized separately for this work and are 
referred to as the 775 L chamber and the 8 m3 University of Vermont Environmental 
Chamber (UVMEC).32 For both types of reaction chambers, dry zero air was used for 
flushing (after H2O2 passivation with UV lamps) until background aerosol mass and 
number concentrations were well below 0.01 µg m-3 and 10 particles cm-3, respectively. A 
glass micro-syringe was used to quantitatively transfer GLV aliquots into a glass three-
neck flask that was placed in a hot water bath. The liquid phase GLV content within the 
flask was visually monitored as a flow of dry zero air carried the newly volatilized GLV 
into the reaction chamber. Once all gaseous GLV was introduced, the dry zero air flow was 
shut off (typically after 10 – 20 minutes). The three-neck flask was sealed except for the 
dry zero air inlet and an outlet leading directly to the reaction chamber. All experiments 
were conducted under ambient temperature and atmospheric pressure. Particle size 
distributions were measured using a scanning mobility particle sizer (SMPS 3082, TSI Inc., 
Shoreview, MN, USA) operating with sheath and aerosol flows of 10 and 1.0 L min-1, 
respectively. 
 
4.2.1 Sugarcane GLV Emissions and Subsequent Ozonolysis 
Sugarcane samples were collected by the University of Central Florida, Everglades 
Research and Education Center and stored in plastic oven bags. For all experiments, 
sugarcane samples were shipped to the University of Vermont overnight and analysis was 
performed within 24 – 36 hours of harvest. A measured mass of sugarcane leaves was 
placed inside of the 775 L Teflon reaction chamber and GLV emissions were collected 
using solid phase microextraction (SPME). The SPME assembly consists of a small 
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polymer-coated fiber to which VOCs adsorb in the presence of a gas sample. After 
sampling, the fiber is extracted from the sample gas and injected directly into the heated 
injection inlet of the GC-MS for qualitative analysis.33-35  
Specifically, a sampling port located adjacent to the headspace area of the chamber 
allowed for easy and fast swapping of SPME sampling fibers. After sample collection, the 
fiber was extracted from the sample headspace and injected directly into the heated 
injection port (200 °C) of a gas chromatograph (GC, Clarus 600, Perkin Elmer) equipped 
with an analytical column (Stabilwax 30 m, 0.32 mm i.d., Restek) and a mass spectrometer 
(MS, Clarus 600 T Perkin Elmer) for chemical analysis.34-36 The GC oven was programmed 
as follows: hold at 120°C for 2 min, increase 10°C min-1 to a final temperature of 220°C 
and hold for 10 min. The total run time per sample was 22 min. The head pressure of the 
helium carrier gas was 1.8 psi, which resulted in a flow rate of 1.52 mL min-1. Electron 
impact ionization (70 eV) was used, and masses were scanned from 15 to 300 m/z. 
Chromatographic peaks were identified by spectral matching with the NIST 2005 mass 
spectral library and confirmed by comparison of retention times to those of known 
standards. Both pre- and post-ozonolysis SPME sampling was completed. Standards of 
HXL, CHA, OTL, 2-hexenal, heptanal and nonanal were purchased from Sigma Aldrich, 
while decanal was purchased from Pfaltz and Bauer. All standards were reported as ≥ 95% 
pure and used without further purification.  
 
4.2.2 OTL Ozonolysis Rate Constant 
The ozonolysis rate constant (k) was estimated using an OTL standard according 
to a previously established method.37-38 Briefly, the rate of ozone decay was measured in 
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the presence of at least a 10-fold initial molar excess of OTL (to ensure pseudo-first order 
conditions). The OTL standard was added to the 775 L chamber first, followed by ozone, 
which was added at a constant flow rate over the course of 30 seconds. A plot of 
ln([O3]0/[O3]t), where [O3]0 and [O3]t are the ozone concentrations at time zero and t, 
respectively, versus time (t, seconds) yields a straight line with slope k’ (sec-1). From 
here, k (cm3 sec-1 molecule-1) was determined from the rate expression of the reaction,  
k = k’/[GLV]0   (Equation 4.1) 
where [GLV]0 is the GLV concentration at time zero. 
Ozone concentration was monitored at 5 second intervals with an American 
Ecotech Serinus O3 Monitor (model E020010). The loss of ozone, as well as GLVs 
(i.e. the volatile SOA precursors), to chamber walls was found to be negligible over 
the time scale of previous kinetic experiments,17 confirming that reaction with OTL 
was the only significant removal process for ozone.  
 
4.2.3 OTL-Derived SOA Yield 
To estimate SOA yield (%Y), standards of OTL were injected into the 8 m3 
UVMEC followed by ozone. The consumption of OTL and production of SOA were 
then monitored and SOA yield was calculated according to Equation 4.2, where 
∆[SOA] is the maximum SOA concentration (µg m-3) generated and ∆[GLV] is the 
total amount of GLV consumed (µg m-3) at that SOA maximum: 
%𝑌 =  
Δ[𝑆𝑂𝐴]
Δ [𝐺𝐿𝑉]
∗ 100%   (Equation 4.2) 
The aerosol mass yields reported were determined at GLV and ozone mixing ratios 
of 200 ppb.  
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4.2.4 OTL-Derived SOA: Composition and Proposed Chemical Mechanism 
Chemical analysis of SOA was carried out using a custom built Near-Infrared 
Laser Desorption/Ionization Aerosol Mass Spectrometer (NIR-LDI-AMS).32, 39 In 
this method, OTL-derived SOA was sampled from the chamber following 
ozonolysis of previously introduced OTL standard. Sampling occurred through a 
Liu-type aerodynamic lens and SOA was collimated into a particle beam that was 
aligned to deposit aerosol mass onto the surface of an aluminum probe (99.9% 
purity, ESPI metals, Ashland, OR) suspended under high vacuum. Aerosol collected 
on the probe’s surface was both desorbed and ionized using an unfocused 3 mm 
diameter ND: YAG laser (Brio, Quantel USA, Big Sky, CO,) pulse with 4 ns half-
width and 20 mJ energy. Deposited SOA mass was entirely desorbed by 2 – 3 laser 
shots. A time-of-flight mass analyser was used for ion detection with a working mass 
range from 0 – 500 m/z and a mass resolution of 1,000 at 300 m/z. Mass spectra 
were collected at 1 – 5 minute intervals over the course of approximately 90 minutes. 
Mass spectra (from multiple laser shots) for a given time point were summed and 
normalized to the 145 m/z base peak. 
 
4.2.5 OTL-Derived SOA: Bounce Factor 
Bounce Factor (BF) experiments required the use of the UVMEC due to the 
inherent high volume sampling rate (10 L min-1). Following OTL standard 
introduction into the UVMEC, ozone was introduced as described above. The 
particle BF method described previously40 was utilized to infer the SOA phase state. 
Briefly, an Electrical Low Pressure Impactor (ELPI+, Dekati, Kangasala, Finland) 
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operating sequentially with smooth (favoring bounce) and sintered (minimizing 
bounce) impaction plates was used to estimate the SOA bounce factor (BF) based 
on corrected current distributions generated by charged particles. Proprietary 
software provided by the instrument manufacturer applied a correction algorithm 
correcting for diffusion and space charger losses.41-42 BF was calculated according 








(no bounce)  ,  (Equation 4.3) 
 
where I filter (smooth)
 (bounce)
 and I filter (sintered)
 (no bounce)
 are the corrected currents measured at the filter 
stage (i.e., smallest diameter channel) of the smooth and sintered plates, 
respectively. ∑ 𝐼 (𝑖𝑚𝑝𝑎𝑐𝑡𝑜𝑟 𝑠𝑡𝑎𝑔𝑒 > 𝑓𝑖𝑙𝑡𝑒𝑟)
 (𝑛𝑜 𝑏𝑜𝑢𝑛𝑐𝑒)
 is the sum of the corrected currents obtained 
from all stages of the sintered plates except the filter stage. Sequential experiments, 
where smooth plates were first used followed by sintered plates and vice versa, were 
conducted under identical conditions and experimental parameters. 
 
4.2.6 Experimental Conditions 
 Experimental conditions are summarized in Table 4.1. SOA mass loading 
(CSOA) values obtained from SMPS measurements have been corrected for particle 
wall losses using ammonium sulfate in accordance with a previously established 






















Table 4.1 Experimental conditions for all experiments performed. All experiments 
conducted under ambient temperature and atmospheric pressure. Experiments 
were conducted in 775 L chamber* or in 8 m3 UVMEC**.  
 
 
4.3 Results and Discussion 
An under-estimation in model SOA production may be a result of a still incomplete 
understanding of SOA forming mechanisms and/or the omission of significant SOA 
precursors. C-4 plants, such as sugarcane, are known to emit GLVs (such as OTL) which 
produce SOA upon atmospheric processing. There is limited data on the role of OTL in 
atmospheric oxidation reactions 44-45 and we are not aware of any reports of its reaction 
with ozone to produce SOA. However, OTL has one terminal double bond (Scheme 4.1), 
which can react with ozone to form gas and particle phase products in addition to further 
multi-generational products.  
 
 















1,000 ppb 100 ppb 5% N/A 
OTL-Derived 
SOA: Yield** 








200 ppb 200 ppb 5, 30, 60, 90% 1.3 – 5.0 µg m-3 
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4.3.1 GLV Emissions and Subsequent Ozonolysis 
A representative chromatogram (Figure 4.1) of sugarcane emissions before (A) and 
after (B) the injection of ozone gives a qualitative overview of the consumption of GLVs 
emitted and their consumption following ozonolysis. Post-ozonolysis data points are 
presented as negative values to allow for easy comparison to pre-ozonolysis data. The 
absolute value of the magnitude of the total ion chromatogram (TIC) intensity is therefore 
of importance. The dominant emissions include CHA and HXL, with lesser amounts of 
OTL, 2-hexenal, 3-hexenal, 1-heptanal and toluene. While more commonly derived from 
anthropogenic sources, toluene has been identified as a potentially prominent GLV as 
well46-47. Additional chromatographic peaks are present but cannot be seen on the scale of 
Figure 4.1. All identified GLV emissions observed are listed in Table 4.2. 
 
 
Figure 4.1 Chromatograms of sugarcane emissions (A) before ozonolysis, where 
strong signals from CHA, HXL, OTL and 2-hexenal are observed, and (B) post-
ozonolysis. Negative values used for post-ozonolysis data to allow for easy comparison 
to pre-ozonolysis data. 
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Table 4.2 GLV emissions from sugarcane. Compounds were identified by 
comparison to the NIST spectral library. 
 
 The reaction profiles for CHA, HXL, and OTL are shown in Figure 4.2, where 
ozone was injected 160 minutes following wounding of approximately 130 g of sugarcane 
(wet weight), which was freshly cut into 5 – 8 cm pieces. The pre-ozonolysis mixing ratio 
and emission rate for CHA was 62 ppb and 1.22 ± 0.18 µg hr-1 per gram sugarcane, and 
the corresponding values for HXL were 40 ppb and 0.6 ± 0.1 µg hr-1 per gram sugarcane. 
A qualitative examination of Figure 4.1 suggests that the OTL pre-ozonolysis mixing ratio 
was below that of CHA and HXL. Therefore, each GLV dataset was normalized to its base 
peak area to allow for easier comparison, as raw peak areas for each compound scaled 
several orders of magnitude. CHA and HXL data are presented as well to place OTL results 
into context (Figure 4.2). Previous CHA and HXL ozonolysis investigations, where a 
similar experimental approach and setup was utilized and where gaseous wall losses were 
found to be negligible, confirmed SOA production via a combination of SMPS, ELPI+, 
and NIR-LDI-AMS data.17, 31 As evident from Figure 4.2, GLV mixing ratios for all three 
SOA precursors decreased following ozone injection. This is in line with current 







Toluene  2.3 methyl ester butanoic acid 2.7 
3-hexenal  2.8 heptanal 3.1 
2-hexenal  3.5 octanal  4.0 
cis-3-hexenyl acetate (CHA) 4.2 nonanal 5.10 
cis-3-hexen-1-ol (HXL) 4.8 decanal 6.2 
1-octene-3-ol (OTL) 5.4   
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oxidative cleavage along an unsaturated carbon bond.48 This also mirrors results reported 
previously for CHA and HXL.17, 30 While OTL is not, based on the work reported here, the 
dominant GLV emitted following sugarcane harvesting activities, it is still an unreported 




Figure 4.2 GLV emissions from 130 g (wet weight) of wounded sugarcane. After 160 
min, 800 ppb ozone was injected. Maximum CSOA observed = 1.6 ± 0.2 µg m
-3. Vertical 
line delineates GLV production (left) from GLV consumption (right). 
 
4.3.2 OTL-Derived SOA: Rate Constant and Yield 
 The ozonolysis rate constant, k, of OTL was estimated based on established 
methods37-38 and using Equation 4.1 to be 5.00 ± 0.58 x 10-24 cm3 sec-1 molecule-1. As a 
point of comparison, the rate constant of OTL with OH radicals (another atmospherically 

















































constant for OH with other relevant GLVs such as CHA and HXL has been estimated as 
6.1 x 10-11 and 6.3 x 10-11 cm3 sec-1 molecule-1, respectively,49 which is several orders of 
magnitude higher versus ozonolysis (5.8 ± 0.1 x 10-17 and 5.8 ± 0.9 x 10-17 cm3 sec-1 
molecule-1 for CHA and HXL, respectively),30 indicating a faster reaction under OH 
conditions compared to ozonolysis conditions. This is commonly observed with terpenes 
such as α-pinene as well.50-51 Nonetheless, reaction with ozone is a significant atmospheric 
sink for terpenes52 and this is expected to be the case for OTL as well.  
To determine the SOA forming potential of OTL, its aerosol yield (%Y) was 
estimated using standards of OTL in accordance with Equation 1. The aerosol mass yield 
for OTL at 200 ppb was found to be 1.03 ± 0.07%, which is slightly lower but of the same 
order of magnitude as other GLVs  such as CHA and HXL.17, 53 It is important to note that 
this comparison to CHA and HXL is based on studies that utilized higher GLV and ozone 
mixing ratios. Generally, elevated mixing ratios inherently lead to higher aerosol yields 
due to increased semi-volatile gas to particle partitioning stemming from higher total 
condensed mass.54 Therefore, it must be stressed that the aerosol yield measured in these 
experiments is only an estimate specific to the GLV and O3 mixing ratios used here. It is 
well known that aerosol yield is a strong function of overall organic mass loading, among 
other parameters, and therefore it is not possible to simply extrapolate the measured yield. 
Also, gas to wall partitioning of semi-volatile and low volatility oxidized products, which 
has been well documented for Teflon chambers,55-57 may artificially lower the measured 
SOA yields.58 Nonetheless, the results presented herein suggest strongly that ozonolysis of 
GLVs from C-4 plants, and OTL specifically, constitute potentially significant sources of 
regional SOA, which is in addition to GLVs from other biogenic sources. 
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4.3.3 OTL-Derived SOA: Composition and Proposed Chemical Mechanism 
NIR-LDI-AMS spectra of OTL-derived SOA were collected following ozonolysis 
of an OTL standard. A normalized spectrum, based on all collected spectra for the entire 
experimental run, was generated, which depicts the desorbed and ionized mass (Figure 
4.3). 
 
Figure 4.3 Representative normalized NIR-LDI-AMS spectrum, based on 
collection of spectra over the course of 56 minutes. Normalization occurred 
after summation of individual m/z values collected for each spectrum. 
Maximum CSOA of 80 ± 4.4 µg m
-3. 5 µL of OTL (corresponding to 1,000 pbb) 
were injected into the 775 L Teflon reaction chamber, followed by 1,000 ppb 
of ozone.  
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A proposed mechanism for the ozonolysis of OTL was developed to describe the 
formation of oxygenated products ranging from 45 – 161 m/z (Scheme 4.1). It should be 
noted that other relevant oxidants, such as OH radicals, are expected to participate in the 
oxidation of OTL, leading to the subsequent formation of SOA (among other products). 
That is, besides the oxidation pathways presented here, there are other oxidation pathways 





Scheme 4.1 Proposed abbreviated reaction mechanism for OTL ozonolysis as 
performed in chamber experiments. Boxed products appear in mass spectrum (Figure 
4.3). 
 
Mass spectral evidence suggests that the ozonolysis pathway for OTL oxidation is 
similar to that observed for CHA and HXL.31 A detailed description of the ozonolysis 
mechanisms for these GLVs and other alkenes are discussed in depth elsewhere.59-60 In 
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brief, oxidation begins with the addition of ozone across the terminal double bond of OTL, 
leading to the formation of a primary ozonide that readily fragments to form two Criegee 
intermediates (CI-I and CI-II) and two oxidized primary products (III and IV).  
The Criegee intermediates can engage in multigenerational chemistry via several 
channels of reactivity, including bimolecular reactions with water, as well as further 
oxidation of CI-I through a hydroperoxide channel.61-62 In instances of bimolecular 
reactions with water, CI-I and CI-II form products V and VI respectively, which possess a 
low enough vapor pressure to be observed in the particle phase. It is also known that 
Criegee intermediates react with acids of a suitable strength to form organic peroxides. In 
the aforementioned hydroperoxide channel, CI-I rearranges to form a hydroperoxide that 
decomposes to form both a hydroxyl and alkyl radical (not shown in Scheme 4.1). The 
alkyl radical subsequently reacts with molecular oxygen to form an alkylperoxy that may 
participate in additional reactions with other radical species, such as HO•2 and RO•2, to 
form a secondary generation of low volatility products, including VII and VIII.62  
Previous work has identified NO as a pertinent reactant in alkene oxidation.63 
However, it is not expected to play a significant role for ozonolysis experiments presented 
here, as background NO mixing ratios are in the parts per trillion range64-65 and NO reacts 
rapidly with O3.
43 The alkylperoxy originating from CI-I instead likely reacts with peroxy 
radicals (RO2•), creating an alkoxy species that can experience HCO abstraction and/or 
further oxidation by O2 to yield low volatility and oxidized compounds, including products 
IX, X, XI, and XII.17, 59, 62, 66-67 It should be noted that NO mixing ratios have the potential 
to increase during sugarcane harvesting in the event of, but not limited to, heavy 
agricultural vehicle usage. Additionally, NO mixing ratios associated with sugarcane farms 
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may vary spatially and temporally.68 The potentially large variability of NO mixing ratios 
and its subsequent impact on OTL (and other GLV) chemistry warrants additional work.  
Formaldehyde (III) is expected to be found in the vapor phase but was not observed 
as a product. Given that SPME is efficient at sampling semi-VOCs, however, the high 
volatility of this compound may have limited our ability to sample and therefore 
detect/measure it. 2-hydroxyheptanoic acid, 2-hydroxyheptanal, and other secondary 
products however, have sufficiently low vapor pressures (0.0349 Pa and 4.57 Pa, as 
calculated by the EPA EPI database )69 that they are expected to contribute to SOA. 
Additionally, the hydroxyl group in OTL is expected to participate in secondary 
oligomerization reactions that would lead to additional SOA mass.31 
Prominent products were also measured beyond m/z 161, likely formed via 
accretion reactions. These reactions have not, to the best of our knowledge, been 
investigated for OTL-derived SOA specifically. However, previous studies have probed 
other prominent biogenic SOA precursors such as isoprene,70 where oligomer formation 
following reactions with Criegee intermediates was shown to occur via various pathways, 
including: bimolecular reactions with gaseous water,71 peroxy radicals,72 and organic 
acids.73 Oligomers produced as a result of alkene oxidation possess low saturation vapor 
pressures, allowing them to exist in the particle phase, thereby contributing to the 
tropospheric SOA budget.74-77 Furthermore, oligomers have been shown to contribute to 
particle growth,78 forming almost immediately after the start of the reaction and acting as 
an essential component in early stages of biogenic SOA formation and growth.79 These 
oligomers are also expected to exhibit more solid-like properties,80 which is supported by 
BF data (next section) presented herein. As such, oligomers observed for OTL-derived 
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SOA likely play an essential role in initial particle formation and subsequent growth and 
aging of OTL derived SOA. 
 
4.3.4 OTL-Derived SOA: Bounce Factor (BF) 
 Elucidating the physical state of SOA can provide insights into SOA formation81-82 
and growth,83 gas-particle partitioning,84 reactive uptake on particle surfaces,85-86 and 
ultimately atmospheric impacts.87-89 Employing a previously established method,40 the BF 
was determined for OTL-derived SOA generated under varying RH levels (Figure 4.4). 
This approach is in stark contrast to most reports in the literature where SOA is generated 
under dry conditions prior to studies of water and/or reactive gas uptake post-genesis.86, 90-
93 Here, SOA particle generation was initiated via ozone injection into environments 
containing the SOA precursor at different relative humidity levels: 5% (dry), 30%, 60%, 
and 90% RH. Therefore, it is likely that the presence of water vapor impacted the chemical 
formation and evolution of the SOA,94-96 as well as subsequent uptake of water vapor by 
particles.97-98  
According to SMPS data, a sizeable portion of the initially generated SOA 
consisted of particles <10 nm in diameter, which overlaps with the cut off diameter (D50) 
of the ELPI filter stage (6.0 nm).40 The D50 corresponds to the specific particle diameter 
with a 50% collection efficiency. For the smooth impaction plates, these initially generated 
small particles would reach the filter stage due to their aerodynamic diameter, not bounce. 
The same would occur for the sintered plates. In accordance with Equation 4.3, for the 
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smooth plates, these particles would be treated as if they first bounced and then 
subsequently reached the filter stage. This would therefore lead to erroneously decreased 
BF. However, the particle size distribution swiftly shifts towards the higher diameter values 
as a function of experimental time. Therefore, the initial (time <12 minutes) BF values 
have been omitted from Figure 4.4. Geometric mean diameter data (Figure 4.5) suggests 
no correlation between particle diameter and BF. Interestingly, SOA generated at higher 
RH did not exhibit decreased bounce, as one might posit if water vapor condensed onto the 
Figure 4.4 Bounce Factor (BF, filled symbols) and mass loading (CSOA, open 
symbols) of OTL-derived SOA. Ozone injection at time = 0, following 
introduction of 10 µL (200 ppb) OTL into UVMEC. BF calculated from ELPI 
data, and CSOA data obtained from SMPS measurements. Error bars represent +/- 
10%, based on estimates from previous work.40 
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particles. Rather, a slightly increased bounce behavior was suggested when particle genesis 
occurred under conditions of elevated RH as compared to dry conditions.  
 
 
Figure 4.5 Geometric mean diameter (nm) of OTL-derived SOA generated for 
bounce factor experiments. Ozone injected at time = 0, following introduction of       
10 µL (200 ppb) OTL into UVMEC. Data obtained from SMPS. 
 
The SOA generated under humid conditions also do not appear to readily take up 
water, as suggested by the constant BF measured for 80 minutes following ozonolysis 
under 30% and 90% RH. In fact, under 60% RH, the BF continues to increase up to 80 
minutes following ozonolysis. This suggests SOA generated under humid conditions, at 
least for the case of OTL-derived SOA, may have lower hygroscopicity and may be less 
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likely to be activated as cloud droplets. Taken together, these observations strongly suggest 
that the role of gaseous water at particle genesis not only impacts the SOA chemical profile 
but can have implications for subsequent gas uptake (be it water or other gases) by SOA 
during atmospheric aging.  
All SOA generated under both dry and humid conditions demonstrated 
considerable particle bounce, which suggests OTL-derived SOA remain non-liquid in 
nature.40 This is contrary to conventional assumptions often used for atmospheric modeling 
in which SOA mass is considered a liquid that undergoes instantaneous equilibrium 
partitioning with semi-volatile organic compounds.84, 99 This does not appear to be limited 
to solely OTL-derived SOA, however. SOA derived from other VOCs, including but not 
limited to α-pinene, CHA, and HXL, have also exhibited non-liquid (including semi-solid 
and solid) behavior under some conditions, such as low relative humidity.81, 100-102 In fact, 
our results are in accordance with a recent report that diffusion in α-pinene SOA remains 
appreciably slow even at 80% RH.103 Non-liquid character implies higher viscosity, which 
has been shown to decrease SOA growth rate due to lower molecular diffusion within the 
particle.81, 104 Furthermore, for a particle of higher viscosity, heterogeneous oxidation by 
O3 is likely limited more to the surface of the particle as opposed to the particle bulk.
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Additionally, the limited partitioning of SVOCs into larger, more viscous particles was 
recently found to instead promote preferential growth of smaller particles inherently 
possessing shorter diffusion time scales.106 Therefore, due to its partial non-liquid 
character, multi-generational and aged OTL-derived SOA likely exhibit decreased growth 
rates and subsequently lower particle masses with limited heterogeneous O3 oxidation 
(compared to low viscosity liquid particles), which may have subsequent ramifications for 
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both direct (such as radiative forcing) and indirect (such as acting as cloud condensation 
nuclei) climate effects. These effects may be even more pronounced for OTL- derived SOA 
under conditions of lower mass loadings, where other relevant VOCs such as CHA, α-
pinene, and limonene have been shown to exhibit more non-liquid behavior.107-108  
 
4.4 Conclusions and Further Remarks 
 Alongside other prominent GLVs, OTL has been identified as a relevant GLV 
emitted following the harvesting and subsequent wounding of sugarcane. Ozonolysis of 
OTL standards led to the formation of SOA products possessing significant non-liquid 
behavior at all RH levels (5, 30, 60, 90% RH) studied, which were present at particle 
genesis and held constant. In addition, mass spectral data suggests the formation of 
oxygenated SOA ranging from 45 – 161 m/z, in addition to prominent oligomers well 
beyond this m/z range. This has important implications for initial particle formation, 
subsequent growth, and aging, while emphasizing the need for additional work focusing 
on the fundamental chemical processes occurring at the molecular level during SOA 
production. Besides OTL, numerous other compounds, including CHA and HXL, were 
identified as prominent GLVs emitted as a direct result of sugarcane harvesting and further 
wounding. Furthermore, sugarcane emissions offer a prime system to study the dynamics 
of a mixed system, as sugarcane harvests have the potential to contribute POA 
simultaneously with SOA. 
Results presented herein with regard to SOA particle phase are in apparent stark 
contrast with existing reports of water uptake by SOA from a number of precursors. In 
these previous reports, particle viscosity is typically shown to decrease at higher RH (i.e., 
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decreasing particle bounce) to the point of deliquescence (i.e., particle bounce eliminated 
entirely, implying liquid particles).86, 90 The apparent discrepancy may be explained by the 
fact that in previous work, SOA was generated under dry conditions (typically with RH 
<5% and always <50%) and then subjected to varying relative humidity levels to measure 
water uptake. As such, the results presented here show clearly that RH at particle genesis 
plays a critical role in SOA aging, especially as it concerns water uptake, highlighting the 
continued need for laboratory studies that more accurately represent our atmosphere.  
Additionally, based on the studies presented herein, further questions arose with 
respect to BF: 
1) Does particle phase state vary as a function of CSOA? What are the potential atmospheric 
implications? 
2) With increasing chamber RH, does the ELPI continue to provide reliable particle phase 
state information? Can studies of moisture induced phase transitions leading to partial or 
full SOA deliquescence proceed utilizing the ELPI?  
These questions in addition to others are addressed in the following chapters. 
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Chapter 4 touched upon the potential dependence of particle bounce (and by extension, 
SOA phase) on the SOA mass loading (CSOA). This dependence is explored here, which is 
an expansion upon a manuscript that has been submitted and accepted for publication. Full 
reference is as follows: 
 
Jain, S., Fischer, K. B., Petrucci, G. A. The Influence of Absolute Mass Loading of 





Organic aerosols (OG) are an important component of atmospheric particulate as 
they contribute 20–50% to the total fine particle mass at continental mid-latitudes, while 
in tropical forested areas they contribute up to 90%.1-3 These OG are emitted from the 
earth’s surface by human and natural sources influencing both human health 4 and global 
climate.5-6 Studies suggest that 90% of these OG are from secondary sources, termed 
secondary organic aerosol (SOA), due to oxidation of volatile compounds in the 
atmosphere.2, 7 
There is growing evidence that SOA influences the earth’s energy budget both 
directly and indirectly either by scattering/absorbing solar radiation8 or by acting as cloud 
condensation/ice nuclei.9-10 SOA can also alter atmospheric gas and condensed phase 
species concentrations through multiphase reactions.11 Despite the integral role of SOA in 
atmospheric processes, there remains a limited understanding of the chemical and physical 
changes induced in SOA as it is formed and subsequently aged. Understanding the physical 
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state of SOA is especially important, as it can provide insight into SOA formation12-13 and 
growth,14 gas–particle partitioning,15 reactive uptake on particle surfaces,16-17 and 
atmospheric impacts.18-20 
Recent attention on the phase state of atmospheric particles has motivated several 
questions regarding parameters/conditions that influence the phase state and physical 
properties. Models assume that SOA particles remain liquid-like throughout their lifetime, 
and that an equilibrium exists between the particle and gas phase due to rapid evaporation 
and condensation.21-24 However, recent measurements have provided strong evidence to 
challenge this assumption,25-27 showing that SOA can adopt liquid, semisolid (viscous), 
and solid phase states depending on their composition and ambient conditions.11, 28-29 
It has been shown previously that environmental conditions such as temperature 
and relative humidity (RH) could have a significant impact on SOA phase and viscosity.11, 
30-36 Lingnell et al. showed that a decrease in temperature from 20 °C to 0 °C decreases the 
viscosity of α-pinene/O3 SOA by roughly two orders of magnitude. They hypothesize that 
SOA viscosity is altered either by slowing down unimolecular decomposition and 
bimolecular reactions of photo-excited molecules or by physically changing the SOA 
matrix.32 Furthermore, results from Renbaum-Wolff et al. suggest that viscosity of α-
pinene/O3 SOA is comparable to that of honey (10 Pa s) at 90% RH, similar to that of 
peanut butter (103 Pa s) at 70% RH, and greater than or equal to bitumen (108 Pa s) at 
≤30% RH.30 
In addition to RH and temperature, the phase state of SOA may also be impacted 
by the absolute SOA mass loading (CSOA; reported in μg m
−3). It has been shown recently 
that aerosol composition of SOA generated from the ozonolysis of α-pinene changes as a 
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function of total organic aerosol mass loading.37 Results from two independent studies have 
shown that for α-pinene/O3 SOA, the aerosol mass spectrometry (AMS) signal intensity at 
m/z 44 (which includes fragments of oxo- and di-carboxylic acids) increases relative to 
m/z 43 (predominantly acetyl cations) at low mass loading, suggesting that more polar 
components appear to dominate at low mass loading.37-38 The authors have also shown that 
as SOA mass loading increases, particle mass yield and H:C ratio increase, while O:C ratio 
decreases largely due to variable partitioning of semi-volatile molecules into the gas 
phase.37-38 These findings are supported by volatility basis set (VBS) theory, which is a 
modeling framework that distributes all organic species into volatility bins having discrete 
values of effective saturation concentration.39-40 These seminal studies, however, did not 
provide insight with regard to changes in phase as a function of absolute mass loading. 
CSOA affects chemical composition, which, in turn, affects viscosity/phase. 
However, to the best of our knowledge, no reports have been published elucidating the 
impact of CSOA upon the SOA phase state. Therefore, we report herein the results of a 
systematic study investigating the influence of CSOA on the phase state of SOA formed by 
ozonolysis of several atmospherically relevant SOA precursors: α-pinene, limonene, cis-3-
hexenyl acetate (CHA) and cis-3-hexen-1-ol (HXL). These chemical systems were selected 
to represent both cyclic and linear analogues of atmospheric volatile organic compounds 
(VOCs). α-pinene is arguably one of the most important monoterpene precursors to global 
SOA, and limonene is the most important indoor SOA precursor. Green leaf volatiles 
(GLVs) such as CHA and HXL are unsaturated, oxygenated hydrocarbons emitted in large 
quantities by stressed plants and are susceptible to atmospheric oxidation, possessing 
significant ozonolysis aerosol yields of approximately 1−10%.41 Experiments were 
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performed with each of the precursors by either varying the VOC or ozone concentration 
to obtain a different maximum CSOA. Phase state was inferred by measuring the maximum 
bounce factor (BF) of the generated polydisperse SOA using a previously established 
method.42 Reported here are the BF results for each chemical system as a function of CSOA 
ranging from 0.2 µg m−3 to 160 µg m−3. Elucidating the impact of CSOA on phase state is 
essential to better understanding atmospheric processes, such as gas–particle partitioning 
and chemical reactive uptake by SOA. 
 
5.2 Methods and Materials 
 5.2.1 Reagents and Instrumentation 
α-pinene (>99%), limonene (>99%), CHA (>98%) and HXL (>99%), were 
purchased from Sigma Aldrich (St. Louis, MO, USA) and used without further purification. 
All experiments were performed in the 8 m3 University of Vermont Environmental 
Chamber (UVMEC)43 operated at ambient temperature (~298(±2) K) and atmospheric 
pressure. Gaseous wall losses were previously determined to be insignificant.41 Dry, zero 
air was produced by passing compressed air sequentially through silica, activated carbon 
and HEPA filters. This zero air was also used to generate ozone using a commercial corona 
discharge ozone generator (OL80A/DLS, Ozone Lab, Burton, BC, Canada). The UVMEC 
is equipped with an ambient O3 (Serinus O3 model E020010, American Ecotech, 
Cincinnati, OH, USA) analyzer.  
Current distributions to estimate the bounce factor and aerosol particle number size 
distributions were measured continuously using an electrical low pressure impactor 
(ELPI+, Dekati, Finland) operating either with sintered plates (to eliminate particle 
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bounce) or smooth plates (to favor particle bounce).42 Aerosol particle number size 
distributions were also measured in parallel with a scanning mobility particle sizer (SMPS 
model 3080, TSI Inc., Shoreview, MN, USA) operating at 0.3 L min−1 and 3.0 L min−1 for 
aerosol flow and sheath flow, respectively. 
 
5.2.2 Chamber Experiments (Generation of SOA) 
 Experiments using different SOA precursors (Table 5.1) were carried out in the 
UVMEC.43 Volumes of both the SOA precursors and ozone were varied to achieve 
increasingly larger CSOA. During experiments, ozonolysis of all the SOA precursors led to 
SOA formation and subsequent growth. While seed particles are present in the atmosphere, 
SOA was formed in their absence of seed in the UVMEC, as these would be detected by 
the ELPI+ and lead to changes in the current measured, thus skewing bounce factor values. 
Also, no OH scavenger was used. Between experiments, the chamber was passivated with 
O3 (1–2 ppm) overnight and then flushed with zero air until the background aerosol mass 
(assuming an average particle density of 1.2 g cm−3)44-48 and number concentrations were 
below 0.1 µg m−3 and 50 particles cm−3, respectively. 
Aliquots of the selected SOA precursor were extracted from reagent bottles using 
a glass syringe with volume markings. The SOA precursor was then quantitatively 
introduced into a clear three-neck flask which was placed in a warm-hot water bath. The 
three-neck flask was sealed except for a zero air inlet and an outlet leading directly to the 
UVMEC. The SOA precursor in the three-neck flask was only able to travel into the 
UVMEC following vaporization. This resulted in a desired, theoretical maximum VOC 
mixing ratio in the UVMEC. Ozone was then introduced to the chamber in a 30–60 s burst, 
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until the desired concentration was attained. Injection of ozone was previously calibrated 
in the absence of VOC for our environmental chamber such that a 30 s injection of ozone 
corresponded to a 100 ppb mixing ratio in the chamber. Ozone concentrations shown in 
Table 5.1 correspond to the measured value of ozone in the presence of VOC. All 
experiments were conducted at a relative humidity of 20–25%. The CSOA in the chamber 
for these experiments varied from 0.25 to 163 μg m−3 (as measured by the SMPS). The 


















AP1 1 20 25 23 0.25 
AP2 1 20 58 22 2 
AP3 3 60 58 21 4.5 
AP4 5 100 89 21 8 
AP5 3 60 57 22 10 
AP6 5 100 58 23 28 
AP7 10 200 77 21 36 
AP8 10 200 200 21 70 
AP9 10 200 550 23 82 
Limonene
 
L1 1 20 12 23 5 
L2 2.5 50 13 23 10 
L3 5 100 13 23 20 
L4 2.5 50 47 25 25 
L5 2.5 50 160 24 65 




CHA1 40 750 280 20 1.6 
CHA2 50 1000 280 22 3 
CHA3 40 750 420 21 10.5 
CHA4 50 1000 990 22 25 




HXL1 13 350 195 22 3 
HXL2 25 670 200 20 12 
HXL3 13 350 350 21 15 
HXL4 25 670 350 22 37 
HXL5 25 670 600 19 82 
Table 5.1 Summary of experimental conditions and observed maximum CSOA.  
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5.2.3 Bounce Analysis 
Details of the method used to estimate the phase state of generated SOA is 
presented in Chapter 3 and in the literature.42 Briefly, two separate cascade impactors are 
used to perform bounce analysis and calculate bounce factor (BF). One cascade impactor 
was equipped with smooth impaction plates, favoring particle bounce. The second cascade 
impactor used sintered impaction plates coated with a thin layer of vacuum grease to 
minimize (ideally shut down) bounce. When using smooth impaction plates, particles with 
sufficient kinetic energy can overcome the adhesion energy at the surface and bounce to 
lower impactor stages, resulting in a systematic bias of the raw current distribution toward 
lower channels and smaller particle diameters. The presence of bounce, therefore, 
generates an erroneously high raw current in the lower stages (i.e., larger particles are 
mistakenly counted as smaller particles). Raw currents are subject to a correction 
algorithm, which corrects for diffusion and space charger losses.49-50 BF is then calculated 
by analyzing the corrected current measured with the ELPI+ operating sequentially with 
smooth and sintered plates according to Equation 5.1: 
 
Bounce Factor (BF) = 
I Filter Smooth
(bounce)
 - I Filter Sintered
(no bounce)
Σ I Impactor Stage>Filter





 and I Filter Sintered
 (no bounce)
 are the currents measured at the filter stage (smallest 
diameter channel) of the smooth and sintered plates, respectively. ∑ I (impactor stage > filter)
 (no bounce)
 is 
the sum of the currents obtained from all impactor plates of the sintered plates except the 
filter stage. Sequential experiments (smooth followed by sintered impaction plates and vice 
versa) were conducted under identical conditions and experimental parameters. Any 
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potential particle phase wall losses would be identical for sequential experiments and thus 
would not impact BF. Each data point for Figures 5.2 – 5.4 represents the maximum BF, 
independent of experimental time, reached during a separate experiment conducted at a 
given CSOA.  
 
5.3 Results and Discussion 
The impact of absolute CSOA upon the phase state of SOA remains a question of 
considerable importance to the atmospheric science community. The volatility of α-pinene 
SOA, for example, has been measured to be mostly independent of the SOA mass loading 
over several orders of magnitude (1 – 800 μg m−3).51 Comparison of this result with kinetic 
models suggests that SOA from the ozonolysis of α-pinene is composed of a large fraction 
of effectively non-volatile but thermally unstable species, which are likely dimers or 
higher-order oligomers, but could also be exceptionally low volatility monomers.51 
Somewhat contradictory, a separate study52 showed that at low CSOA, the cloud 
condensation nuclei activity increased beyond predicted values, implying differences in the 
physico-chemical properties of the organic component. As a result, particle viscosity and 
therefore the corresponding BF values may be impacted. 
The results of a systematic study utilizing several key SOA precursors is described 
herein to better understand the role of CSOA on phase. In the ensuing discussion, the particle 
BF is measured and used as a surrogate for particle viscosity or phase. No quantitative 
absolute measure of viscosity has been made. Rather, the BF is used to provide information 




 5.3.1 α-Pinene 
A simple cursory analysis of the BF of SOA generated from α-pinene ozonolysis 
under different ozone and VOC mixing ratios clearly illustrates a strong dependence 
between the BF and CSOA (Figure 5.1; where α-pinene was introduced into the UVMEC 
immediately prior to time 0, and ozone injection occurred at time 0). Additional important 
general conclusions that may be gleaned from these data include (1) an initial increase in 
the BF immediately following SOA particle inception to reach the most non-liquid state 




Figure 5.1 Calculated bounce factor (BF) for α-pinene derived SOA as a function 




While there is some degree of similarity in BF trends at different mass loadings, 
Figure 5.2 illustrates that the maximum BF achieved (i.e., most non-liquid state) changed 
substantially with CSOA. For example, at the lowest mass loading (0.25 μg m
−3), the greatest 
BF (0.92) was determined. As successively greater CSOA was present, a very steep change 
in BF was observed. It was seen that for higher CSOA maximum BF decreased, from 0.92 
at 8 μg m−3 to 0.68 at 36 μg m−3. Beyond a CSOA of approximately 36 µg m
−3, further 




Figure 5.2 Calculated maximum BF for α-pinene derived SOA as a 




These results suggest that at low CSOA, which more closely approximates 
atmospherically relevant conditions, α-pinene SOA is more non-liquid in state. This further 
suggests that dimers, lower volatility and highly viscous products form the majority of the 
SOA chemical composition. These results can also be used to rationalize observations 
reported in the literature previously. For example, Shilling et.al.37 showed that for α-pinene 
SOA, changes in particle composition were more pronounced at low mass loadings (below 
15 µg m−3). These results, along with the findings of this work, suggest mass loading plays 
a significant role in determining the phase state of SOA. Additionally, Gao et.al53 reported 
that formation of a dimer of pinic acid and terpenylic acid was enhanced substantially as 
CSOA decreased. Therefore, the greater BF observed at the lowest mass loadings may be 
indicative of an increased oligomeric content. This is in keeping with our present 
understanding that high molecular weight oligomers/dimers are more viscous than smaller 
molecules due to increased hydrogen bonding and intramolecular forces with surrounding 
molecules.29, 33 Therefore, particles containing oligomers have a higher probability of 
forming glassy/semisolid matrices as compared to their monomeric units.29, 33 Finally, it 
has been shown54 that α-pinene SOA is more oxygenated at low organic mass loading, a 
condition which can also produce particles of higher viscosity. 
It is important to highlight that oxidative processing can also influence particle 
viscosity. Hosny et al. showed that final viscosity attained for a particle is dependent on 
the concentration of ozone used, with lower concentrations leading to somewhat higher 
viscosities.55 Higher (and non-atmospherically relevant) ozone concentrations possibly 
impede secondary chemical reactions, thereby reducing the production of high molecular 
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weight products.55 This may also help explain why lower BF is observed at high mass 
loading.  
Furthermore, recent work has shown that, at relative humidity less than 30%, 
partitioning of organic molecules between gas and particle phases may be confined to the 
top few surface monolayers of the particle.30 At this RH, therefore, instantaneous 
equilibrium partitioning within the particle bulk is not expected to take place. As a result, 
models that assume equilibrium partitioning at ≤30% RH may over predict SOA particle 
mass.30, 56 The same would hold true for SOA at different mass loadings, which, as shown 
above, has an effect on the phase state of α-pinene SOA. At lower mass loading, where 
SOA is more non-liquid (more viscous), one can therefore expect that the particles may 
take up fewer semi volatile organic compounds (SVOCs) compared to a higher mass 
loading where SOA is relatively less viscous. It should also be further noted that 
composition and partitioning, which, as shown above, is closely related to CSOA, may serve 
as additional factors affecting particle viscosity.  
Additionally, it is well established that the physical properties of a particle can play 
a crucial role in its interaction with gases.16, 31, 57-58 An accurate description of reactions 
and interactions at the surface is important to understand the fate and role of SOA in the 
atmosphere. Reactions at the interface between gas and condensed phase become 
increasingly important as particle size decreases. A decrease in the particle size results in 
an increase in the effective surface area and hence the reaction rates. As an example, for a 
50 nm particle, 25% of the molecules are on the surface of the particle.57 Furthermore, the 
mixing within the particle bulk is kinetically limited as only the surface of the particle 
initially interacts with, and engages in gaseous uptake, meaning the gas–particle 
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partitioning cannot be well represented by an equilibrium process. Hence, at low CSOA 
during the initial stages of SOA formation, reactions and gas uptake would be limited 
primarily to the thin layers at the particle surface. 
 
 5.3.2 Limonene 
Some literature reports suggest that limonene SOA could exist as non-liquid, but 
no concrete evidence has yet been presented to support this supposition. Kundu et al. 
provided a detailed molecular analysis of limonene SOA, generated by ozonolysis, using 
ultrahigh-resolution Fourier transform ion cyclotron resonance (FT-ICR) mass 
spectrometry and identified over 1200 molecular formulas over the mass range of 140 to 
850 Da.59 The high molecular weight compounds (m/z > 300) were found to constitute a 
significant number fraction of the identified SOA components, consisting primarily of 
oligomers formed by the reactive uptake of gas-phase carbonyls during the ozonolysis 
reaction.59-60 As stated earlier, oligomers have much higher glass transition temperatures, 
resulting in a higher probability of forming glassy/semisolid particles. In another study, 
evaporation kinetics of limonene-generated SOA particles show different behaviors at <5% 
RH and 90% RH. It was shown that for SOA at 90% RH, a slightly larger fraction of the 
particle mass evaporated as compared to SOA at lower RH, suggesting that the SOA may 
be non-liquid/solid at lower RH.61 
Here, the influence of CSOA on the phase state of SOA generated by limonene 
oxidation was investigated. Unlike α-pinene, which has only one endocyclic double bond, 
limonene possesses both an endocyclic and exocyclic double bond. In the case of limonene, 
the endocyclic double bond is oxidized first, followed by heterogeneous ozonolysis of the 
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terminal double bond in the first-generation condensed-phase products 43, 62. The presence 
of multiple double bonds would result in more highly oxygenated species and are expected 
to produce products with a wider range of volatilities.  
Results from our chamber experiments show that limonene SOA demonstrated 
considerable bounce from the outset of SOA formation (Figure 5.3) suggesting a non-liquid 
state. Also, as was the case with α-pinene SOA, we see a significant CSOA dependence of 
the measured BF. Analogous to α-pinene SOA, the highest BF (0.98) is also measured at 
the lowest mass loading (5 μg m−3). It was also observed that as CSOA increases, the BF 
decreases very quickly only to a certain mass loading and then remains constant. 
Interestingly, it was observed that the BF in general was higher for limonene SOA as 
compared to the α-pinene SOA across the range of mass loadings studied. The overall 
greater BF for limonene SOA may be attributed to the relative volatility of α-pinene and 
limonene SOA, which has been measured in previous studies.63 The lower volatility of 
limonene SOA may be indicative of higher oligomeric content64 and particle hardening,25, 




Figure 5.3 Calculated maximum BF for limonene derived SOA as a 




 5.3.3 Cis-3-Hexenyl Acetate (CHA) and Cis-3-Hexen-1-ol (HXL) 
Several studies have considered the effect of GLVs on SOA formation,41, 65-66 and 
progress has been made in understanding the oxidation pathways to SOA formation from 
CHA and HXL via ozonolysis.67-68 The alkene ozonolysis mechanism is described in detail 
elsewhere.69-73 Previous NIR-LDI-MS67 studies have shown that SOA from these GLVs 
consists of a complex mixture of oxygenated compounds ranging from 70 to >300 m/z. It 
has been shown that HXL derived SOA is formed primarily by oligomerization via ester-
type linkages. HXL derived SOA can undergo hydration/dehydration reactions and 
reactive uptake of gas-phase products, such as propionaldehyde, to form higher MW 
compounds. Contrary to HXL, CHA derived SOA is formed primarily through the 
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hydroperoxide channel, as oligomer formation is inhibited by the lower reactivity of the 
acetate functionality. The greater oligomeric content in the HXL derived SOA would 
suggest particles of greater viscosity than pure liquid, yet no studies thus far have reported 
on the phase and physical properties of SOA formed from these GLVs. 
Here, the dependence of the phase of GLV derived SOA on the absolute SOA mass 
loading (Figure 5.4) is shown. While both HXL- and CHA derived SOA exhibited non-
liquid behavior, HXL derived SOA appears more viscous (or less liquid-like) (maximum 
BF = 0.7) than CHA derived SOA (maximum BF = 0.45). It was also observed (Figure 5.4) 
that the BF of HXL derived SOA was largely independent of CSOA, unlike other SOA 
precursors in this study. Independence of BF from absolute CSOA suggests that the physical 
properties, chemical composition and reactive uptake of HXL derived SOA do not change 
significantly with CSOA. 
In the case of CHA derived SOA, significant particle bounce (BF = 0.45) at low 
mass loading (1.6 µg m−3) was observed, despite a hypothesized lack of oligomeric content. 
Contrary to what was observed with HXL derived SOA, at slightly higher SOA mass 
loadings (25 µg m−3), the BF quickly decreased to 0.06, indicating a transition to a liquid 
SOA. The evolution of the BF for this system suggests a continuous changing chemical 
composition of CHA derived SOA with mass loading. The differences observed for CHA- 
and HXL derived SOA results call for additional studies to better understand what classes 
of chemical compounds and functional groups, such as aldehydes, ketones, and alcohols, 




Figure 5.4 Calculated maximum BF for HXL (cis-3-Hexen-1-ol) and 
CHA (cis-3-Hexenyl Acetate) derived SOA as a function of CSOA. Error 




5.4 Conclusions and Further Remarks 
The results presented here demonstrate that SOA absolute mass loading can have a 
significant influence on the phase state of individual secondary organic aerosols systems 
produced via ozonolysis of α-pinene, limonene, and cis-3-hexenyl acetate (CHA), while 
minimally impacting the phase state of cis-3-hexen-1-ol (HXL). Recent work by Champion 
et al. also found that larger CSOA for SOA derived from relevant biogenic precursors 
exhibited decreased viscosity.74 As the work herein probed a select few SOA precursors, 
caution should be exercised in extrapolating these results to all particle types, which can 
vary in their sources and geographic prevalence. It is also worth noting that changes in 
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SOA composition are likely with changes in CSOA,
37 which affects the viscosity and the 
phase state of the SOA. This conclusion complements the findings demonstrated herein 
and may help explain the differences in observed BF for varying CSOA of the same SOA 
precursor. With this, the implication is not that CSOA is necessarily the sole factor affecting 
the phase state of atmospheric aerosols. Rather, the dependence of particle bounce (and by 
extensions, particle phase) on CSOA from a select few, atmospherically relevant SOA 
precursors is highlighted.  
The results herein therefore provide new insights into parameters influencing the 
phase state of atmospheric aerosols. Besides α-pinene, other SOA precursors can also form 
SOA which are non-liquid in phase. These findings show that under ambient environmental 
conditions (<10 µg m−3), α-pinene, limonene, CHA and HXL derived SOA is not a pure 
liquid as has been previously assumed, which could have important implications on the 
ultimate fate of SOA in the atmosphere. It should be noted that, since experiments were 
conducted under relatively dry conditions (RH 20–25%), the phase of the SOA produced 
may vary under conditions of higher RH. Nevertheless, based on these results showing a 
particle phase dependence on CSOA, chamber studies should be performed at 
atmospherically relevant SOA levels to accurately simulate the chemical properties, 
reactions, and phase of ambient organic aerosol if extrapolation based on chamber results 
is desired. 
Furthermore, persistent disparity between the measured and modelled SOA level is 
a question of considerable importance to the atmospheric science community. Attempts 
thus far to close the gap between model and data have focused primarily on finding 
additional SOA precursors and refining methods of estimating the aerosol yield from 
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precursors. Meanwhile, the fundamental assumptions about SOA properties have remained 
mostly unchallenged. These findings show that phase of select atmospheric aerosols 
changes with SOA mass loading, which may help to constrain the discrepancy between 
measured and modelled SOA levels.  
Semi-solid, non-liquid or glassy particles can have an impact on atmospheric 
reactions and uptake. Molecular diffusion in the condensed phase, which largely depends 
on SOA viscosity, can affect the gas uptake and chemical transformation of organic 
particles. Estimation of the SOA phase and viscosity at specific, relevant SOA mass 
loadings would help to better constrain gas uptake estimates. Moreover, a decrease in 
diffusion rates within the particles results in an increase in the chemical lifetime of reactive 
compounds in atmospheric particles from seconds to days.31 An improved understanding 
of the parameters that result in a phase change would thereby improve model accuracy of 
particle growth rates and reactive processes.  
Current models of atmospheric aerosol assume that various properties of the aerosol 
are governed by equilibrium thermodynamics. However, the presence of non-liquid aerosol 
in the atmosphere highlights the importance of quantifying the rates of change of these 
properties. Studies suggest that non-liquid particles can kinetically inhibit the partitioning 
of semi volatile components, in contrast to the traditional assumption that organic 
compounds exist in quasi-instantaneous gas–particle equilibrium.15 Studies also 
demonstrate that the timescale for particle equilibration correlates with bulk 
viscosity/phase.75-76 Therefore, if absolute SOA mass loading can influence the phase state 
by up to 30%, it could very well have a significant impact on various properties such as 
partitioning, water and gas uptake, and condensation and evaporation kinetics. For 
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example, a 100 nm particle, which is in a non-liquid phase at organic mass loadings of 1 
µg m−3, can have an equilibration time scale of SOA partitioning (Teq) of approximately 1 
h.77 On the other hand, that same particle at a much higher organic mass loading of 15 µg 
m−3 (which, according to results presented herein, could now be less viscous) would have 
Teq of only 1 min. The results herein add support to the hypothesis of kinetic inhibition of 
the partitioning by non-liquid particles, suggesting that accounting for the additional 
parameters such as the CSOA influence on the phase can be important for accurately 
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Chapter 4 explored probing SOA sampled from a high relative humidity environment using 
the electrical low pressure impactor (ELPI). Further scrutiny of this methodology to better 
understand the scope of our particle bounce method and its potential limitations is 
presented here. The following is an extension of a manuscript that has been submitted and 
is under review for publication. Full reference is as follows: 
 
Fischer, K. B., Petrucci, G. A. Utilizing an Electrical Low Pressure Impactor to Indirectly 
Probe Water Uptake via Particle Bounce Measurements. Atmos. Meas. Tech., 2021. 
 
 
6.1 Introduction  
 
Secondary organic aerosol (SOA) is formed via oxidation of volatile organic 
compounds (VOCs) to produce semi-, low- and very low-volatility products that can 
nucleate to form new particles or partition/condense into/onto existing particles, adding to 
the overall aerosol mass burden.1-2 Significant sources of atmospheric SOA precursor 
VOCs broadly include both biogenic (dominated by isoprene and monoterpenes from 
processes such as plant communication and stress) and anthropogenic ones (primarily 
aromatic compounds from processes such as combustion), including volatile chemical 
products (VCPs) such as pesticides and personal care products.4-11 SOA constitutes a 
significant portion of ambient fine aerosol and accounts for a large fraction of the organic 
aerosol burden, which itself makes up a sizeable portion (20 – 90%) of submicron 
particulate mass.1-2, 5, 12 Furthermore, when taken together with the extended (relative to 
coarse and ultra-fine) atmospheric lifetime of these accumulation mode organic particles, 
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they can exhibit an outweighed impact on their contribution to cloud droplets and ice 
crystals, as well as the abundance of trace gases and radiative and toxicity effects.11, 13-15 
Understanding the viscosity of atmospheric SOA is important to improving our 
predictive capabilities of their atmospheric impacts.16-19 Water vapor, a key and ubiquitous 
component of the troposphere,20 can act as a plasticizer when taken up by SOA, 
subsequently lowering particle viscosity.16, 21 RH over 90% is common, especially in the 
vicinity of clouds.22 SOA water uptake in the air is largely dependent on the particle 
hygroscopicity,2, 23-24 which affects the SOA’s aerodynamic and optical properties as well 
as heterogeneous chemical reactions (with gas phase reactants), and cloud droplet 
activation (cloud condensation nuclei activity).24-31 Regarding cloud condensation and ice 
nuclei, some degree of supersaturation of water vapor must be achieved in order for SOA 
to activate to cloud nuclei.32  
Recent work has expanded the focus to uptake of water by SOA under sub-
saturation levels, where relative humidity (RH) is below 100%, and the resulting changes 
in viscosity.33-35 SOA has been shown to engage in more limited water uptake relative to 
that of comparable inorganic aerosol, but is still considered hygroscopic in nature.36-38 
Aqueous solubility, among other factors, depends on O:C ratios, where higher O:C is 
typically indicative of greater water solubility.39 In the case of slightly soluble SOA, the 
predominant mechanism of water uptake under sub-saturation conditions is likely to be 
adsorption.40 Upon adsorption of water onto the particle surface, the outermost layer of the 
particle is solubilized resulting in a decreased viscosity within this layer. Ultimately, uptake 
of enough water can solubilize a particle if RH becomes high enough, facilitating its 
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response to changes in gas-phase composition. Thus, RH, along with chemical composition 
and temperature, has been deemed a controlling factor of aerosol phase state.16, 35, 41-42 
While several methods for investigating particle hygroscopicity and viscosity under 
sub-saturated conditions have been reported (see Tang et al.23 for a recent review on the 
topic), it is difficult to extrapolate from these methods to understand how RH might 
influence the reactivity of chemically complex SOA at atmospherically relevant mass 
loadings, particle sizes and timescales. Often, existing methods require large particles 
(several μm), unrealistically high SOA mass loading (CSOA) in the hundreds to thousands 
of μg m-3, specific particle size selection via a differential mobility analyzer (therefore 
inherently excluding much of the SOA population), and aerosol collection times of hours 
to days.23, 37, 43-46 For example, Grayson et al. used the poke-and-flow technique to measure 
the viscosity of α-pinene derived SOA at CSOA between 120 and 14,000 μg m
-3. Maclean 
et al. recently completed a similar poke-and-flow study with β-caryophyllene derived 
SOA.47 Kidd et al. found similar results by studying SOA impaction patterns onto a 
germanium crystal, which also permitted FTIR spectroscopic analysis of chemical 
composition.38 Furthermore, particle sizes studied were limited to tens of micrometers by 
the measurement methods. More recently, Jarvinen et al.48 reported on the use of an in situ, 
real-time optical method to detect the viscous state of α-pinene SOA particles and 
measured their transition from the amorphous highly viscous state to states of lower 
viscosity. Their method is based on the depolarising properties of laboratory-produced non-
spherical SOA particles and their transformation to non-depolarising spherical particles at 
RH values near the deliquescence point (where sufficient water is absorbed to form an 
effectively aqueous solution). Particles of at least 600 nm geometric mean diameter (GMD) 
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were needed to obtain measurable scatter signals. From reported parameters for a typical 
number size distribution of their SOA (GMD = 600 nm, geometric standard deviation, GSD 
= 1.15 and total number density, N = 10,000 cm-3), we can estimate a total CSOA of 1,570 
μg m-3.  
 Thus, there is a need to estimate particle viscosity for SOA subjected to high RH 
that is measured in situ, in real-time, and at atmospherically relevant mass loadings and 
particles sizes. Our previously developed method of inferring particle viscosity through 
quantification of particle bounce from an impaction surface using a cascade electrical low 
pressure impactor (ELPI+)3 is in principle analogous to similar methods developed 
previously.46, 49-50 However, the ELPI method differs significantly in its application and 
output as it takes advantage of the smooth and sintered impaction surface characteristics to 
calculate bounce factor (BF) with high temporal resolution to infer viscosity changes in a 
continuously evolving SOA population, while simultaneously eliminating the need for 
additional instrumentation to independently measure size distributions.3 It consists of 
impaction stages with sequentially smaller cut-off diameters ranging from 10 µm to 6 nm, 
with particles classified by their respective aerodynamic diameters. Lower impaction 
stages experience a pressure drop, which consequently also causes a drop in RH relative to 
the upstream and sample inlet RH. As a result, sampled particles may experience various 
degrees of water loss, which introduces a potential drying artefact. The original BF method 
developed by Jain and Petrucci did not consider RH in the context of the ELPI and its 
performance.3 The same holds true for groundbreaking work conducted by Virtanen et al. 
that also relied on a cascade low pressure impactor setup and sampled SOA from 
environments with RH up to 78%.51 
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 Here, our ELPI setup was utilized to probe particle bounce for aerosol that was 
subjected to high RH (> 90%) conditions to determine the viability of indirect 
measurements of water uptake. Ammonium sulfate (AS) aerosol, sucrose aerosol, and SOA 
derived from the ozonolysis of α-pinene were injected or generated in a batch type 775L 
Teflon reaction chamber fitted with a humidifier and RH sensor. Particle bounce data was 
collected and compared with literature values to probe the efficacy of the ELPI for the 
measurement of humidified particles. 
 
6.2 Methods and Materials 
 All experiments were conducted in a 775 L Teflon batch type reaction chamber 
under ambient temperature and atmospheric pressure. For chamber humidification, dry, 
particle free air was humidified by passage through two, 4-L glass containers containing 
deionized water. The first container was maintained at 35 oC water temperature via a hot 
plate, while the second (immediately before injection into the chamber) was held at room 
temperature. RH inside the chamber was monitored using a humidity sensor (HMT 130, 
Vaisala Corp., Helsinki, Finland). Prior to all experiments, dry, zero air was used for 
chamber flushing (after H2O2 passivation with UV lamps) until background aerosol mass 
and number concentrations were well below 0.01 µg m-3 and 10 particles cm-3, respectively. 
Particle mass and number concentrations as well as size distributions were measured using 
a scanning mobility particle sizer (SMPS 3082, TSI Inc., Shoreview, MN, USA) operating 
with sheath and aerosol flows of 4.0 and 0.4 L min-1, respectively. For α-pinene derived 




 6.2.1 Ammonium Sulfate, Sucrose Aerosol Deliquescence and Efflorescence  
Ammonium sulfate (AS) and sucrose were purchased from Fisher Scientific and 
used without further purification. AS and sucrose aerosol were produced by pneumatic 
nebulization of an aqueous solution (7.35% w/v) using a V-groove nebulizer (J.E. 
Meinhard Associates, Santa Ana, CA, USA) and dried by passage through a diffusion drier 
packed with silica gel. The RH of aerosol at the exit of the diffusion dryer was <10%. 
Following the diffusion dryer, the dried aerosol was injected into a 750 L Teflon chamber 
held at an initial RH of either <20% (for deliquescence experiments) or >90% (for 
efflorescence experiments) for polydisperse populations. For monodisperse populations, 
size selection was carried out after the diffusion dryer using a differential mobility analyzer 
(DMA), after which the monodisperse aerosol was led through an x-ray based neutralizer 
and then into the chamber. For preparation of a high RH chamber or measurement of the 
deliquescence curve, the RH was increased by the introduction of air saturated with water 
vapor (as described above) either before or following aerosol injection, respectively. For 
measurement of the efflorescence curve, initial RH was >90% before aerosol injection. The 
RH was then continuously decreased by an influx of dry, particle free air.  
 
6.2.2 α-pinene Derived SOA Generation and Subsequent Humidification 
α-pinene was purchased from Sigma-Aldrich and used without further purification. 
A glass micro-syringe was used to quantitatively transfer α-pinene aliquots into a glass 
three-neck flask that was placed in a hot water bath. The liquid phase α-pinene content 
within the flask was visually monitored as a flow of dry zero air carried the volatilized α-
pinene into the 775 L Teflon reaction chamber. Once all gaseous α-pinene was introduced, 
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the dry zero air flow was shut off (typically after 10 – 20 minutes). The three-neck flask 
was sealed except for the dry zero air inlet and an outlet leading directly to the reaction 
chamber. To initiate ozonolysis, ozone was produced with a commercial generator (1KNT, 
Enaly, Shanghai, China) using dry, particle free air. Ozone was injected by diverting the 
output flow of the generator first through an airflow splitter to dilute the ozone 
concentration, and subsequently to the chamber for a pre-determined time pulse to yield 
the desired ozone concentration. Typical injection pulses were in the range of 5 – 15 
seconds. A summary of the α-pinene experiments is provided in Table 6.1. RH was 











Ratio (ppb) CSOA (µg m-3) GMD (nm) 
A 195 150 5 39 
B 195 175 16 79 
C 195 250 52 102 
D 195 400 217 108 
E 195 650 626 119 
F 195 750 702 101 
G 391 2,000 2,420 136 
 
Table 6.1 Mixing ratios used for each α-pinene derived SOA experiment. Both SOA 
mass loading (CSOA) and number geometric mean diameter (GMD; from SMPS 
instrument) were observed immediately prior to initiation of humidification. 
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6.2.3 Electrical Low Pressure Impactor 
An electrical low pressure impactor (ELPI+, Dekati, Kangasala, Finland) was 
operated at a constant flow rate of 10 L min-1 and sampling was done directly from the 
Teflon reaction chamber. The ELPI consists of 15 stages (13 active impaction stages, 1 
filter stage) with sequentially smaller cut-off impaction diameters (D50; particle size with 
a 50% collection efficiency) ranging from 10 µm (stage 15) to 6 nm (stage 1/filter stage). 
Stage 15 is not measured electrically. The ELPI classifies particles based on their 
aerodynamic diameter. Operation of the ELPI can be divided into three main sections: (1) 
unipolar charging of the aerosols, (2) size classification of these charged aerosols in a 
Berner type low pressure cascade impactor, and (3) electrical measurement of collected 
particles by a series of electrometers (one for each stage). Further operational and 
calibration details, including corrections for diffusion and space charger losses, can be 
found elsewhere.3, 52-54 In the modified method utilized here, contrary to the previously 
published method,3 only the smooth impaction stages were utilized, which allow for 
particle bounce to occur. 
To qualitatively assess relative changes in aerosol viscosity, the fractional current 
of the filter stage (stage 1), channel 1 (Δi fractional, t) at any time point (t) was determined by 
calculating changes in the measured current of channel 1 (i Ch1,t) as compared to the total 
current summed across all channels (∑ i Chn,t
n=14
n=1 ):  
 





   (Equation 6.1) 
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Here, it is assumed that all particles that bounce from any preceding stage 
terminate on the filter stage. As particles become less viscous due to processes such as 
adsorption/absorption of water, the Δi fractional, t will decrease as a result. Note that this is 
not a measure of the absolute particle bounce, which can be calibrated to provide a 
quantitative estimate of the viscosity, but rather a relative change in particle bounce as a 
function of changing environmental conditions within the chamber. 
Importantly, an RH drop occurs within the lower impaction stages of the ELPI due 
to the low pressure condition needed to avoid shifts in flow rates that would cause changes 
to the setpoint aerodynamic diameters. This RH drop is proportional to the pressure drop 
and becomes significant at stage 7 (D50 = 255 nm) and below (Table 6.2). As discussed 
below, this impactor RH drop can affect the bounce of those particles that possess an 
efflorescence relative humidity (ERH) or equivalent drying RH above the impactor stage 
RH, even though the particle residence time in these low pressure impaction stages is 50.5 















15 9.87 0 101.32 99.99 
14 5.36 102.9 101.3 99.97 
13 3.65 73.6 101.25 99.92 
12 2.47 57.8 101.19 99.86 
11 1.63 57.1 101.01 99.68 
10 0.947 62.2 100.5 99.18 
9 0.602 58.5 99.59 98.28 
8 0.381 55.2 97.21 95.93 
7 0.255 50.5 88.8 87.63 
6 0.155 39.1 68.86 67.96 
5 0.0941 22.2 38.44 37.94 
4 0.0528 12.7 21.86 21.57 
3 0.0296 5.6 9.73 9.60 
2 0.0161 2.4 4.48 4.42 




6.3 Results and Discussion  
As the most abundant monoterpene in the troposphere, α-pinene SOA formation 
via ozonolysis has become an established SOA system in the atmospheric sciences 
community.55 The SOA produced under dry conditions is best described as a viscous, 
amorphous semi-solid with reported viscosities ranging from 104 – 109 Pa s that can 
undergo moisture-induced phase transitions, given sufficiently high RH, resulting in 
significant viscosity changes. 43, 56-58 Ammonium sulfate and sucrose have been heavily 
studied and are often used as surrogates for inorganic and organic aerosol components, 
respectively, and are both also found in the atmosphere as well (ammonium sulfate more 
Table 6.2 ELPI cut point diameter (D50), residence time 
(tres), pressure (Pn), and relative humidity (RH) for each 
stage, assuming 100% RH and 101.33 kPa in chamber. 
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ubiquitously than sucrose).59-62 Given sufficiently high RH, both engage in water uptake to 
undergo deliquescence (formation of an aqueous solution).63 Conversely, water loss can 
occur to the point of particle drying and/or efflorescence (recrystallization at low RH).64 
 
 6.3.1 Ammonium Sulfate Aerosol 
Efflorescence relative humidity (ERH) and deliquescence relative humidity (DRH) 
curves for AS aerosol (GMD = 90 nm, initial dry diameter) were generated following 
typical procedures (see above). Figure 6.1 displays efflorescence and deliquescence 
behavior in terms of changes in the fractional current on channel 1, Δi fractional, t
 
 as a function 
of chamber RH. As given in Equation 6.1, a value closer to 0 indicates liquid like (less 
viscous) particles and values closer to 1 indicate solid like (more viscous) particles. Since 
the D50 of channel 1 (filter stage) is 6 nm and the number GMD of the ammonium sulfate 
aerosol distribution was 90 nm, only particles experiencing bounce were able to reach the 
filter stage (as opposed to reaching the filter stage due to their aerodynamic diameter). 
Therefore, values of Δi fractional, t
 
 approaching 1 indicate that all particles have reached the 
filter stage resulting from particle bounce (suggesting solid particles), while values of 
Δi fractional, t
 
 approaching 0 suggest that all particles adhered to their intended impaction 
stages based on their aerodynamic diameter and none bounced to the filter stage 





The measured ERH and DRH values for the AS particles were 43% and 87% 
chamber RH respectively, in good agreement with reported values.65-67 The ERH is lower 
than the DRH due to a hysteresis effect, as efflorescence requires nucleation. The decreased 
impactor RHs (relative to the chamber RH) played a negligible role here given the reported 
GMD of this AS particle size distribution and the relatively low ERH of AS. As a note, 
during experiments the chamber RH was increased or decreased at a rate of 1% per min 
and it was not confirmed if equilibrium was established in the chamber after each RH 
increment, and the exact crystalline or amorphous character of the specific AS aerosol used 
 
Figure 6.1 Efflorescence relative humidity (o) and deliquescence relative 
humidity (•) curves for polydisperse (GMD = 90 nm, initial dry) ammonium 
sulfate (AS) aerosol. RH % refers to chamber RH. Shaded area and dashed line 
indicate literature values for efflorescence and deliquescence, respectively. 
Particle bounce for monodisperse 70 nm (initial dry diameter) AS (Δ) at 95% 
chamber RH also shown. 
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here was not determined. Our ERH and DRH values are slightly higher compared to 
published literature values likely due to the relatively higher rate of RH increase (during 
deliquescence) and decrease (during efflorescence), which has been shown to shift 
measured glass transition relative humidity values for glassy solids.68 Nevertheless, full 
and clear deliquescence and efflorescence of the AS aerosol was observed utilizing this 
modified method.  
When using monodisperse AS particles of 70 nm (initial dry diameter prior to 
injection into humid chamber), particle bounce was also shut down at a chamber RH >90%. 
To verify which ELPI impaction stages were impacted by the monodisperse AS particles, 
currents generated over the course of six minutes by each impaction stage were examined. 
Average currents from each stage were normalized to allow for easy comparison (Figure 
6.2). Due to the inherently lower concentrations of monodisperse AS aerosol, we were not 
able to measure a DRH curve before particle numbers within the chamber fell (due to 
dilution) below ELPI measurement limits. Interestingly, stage 5 experienced the highest 
current values, followed by stages 6 and 4. The maximum impactor stage RH for stages 4 
and 5 are 22% and 38%, respectively (Table 6.2). While the stage 5 RH is nominally at or 
below the ERH, stage 4 RH is well below this, yet particle bounce was still shut down 
(Δi fractional, t
 
 <0.05). This suggests the residence time within the lower 6 stages, where large 
RH drops occur, is not enough to allow for AS aerosol efflorescence. Therefore, AS aerosol 
of 70 nm (initial dry diameter) and greater yield ELPI results consistent with AS water 
uptake and deliquescence, suggesting the validity of this modified approach to measure 





6.3.2 Sucrose Aerosol 
 While the particle bounce of AS aerosol behaved as expected as a function of RH, 
based on DRH and ERH literature reports, the same was not observed for sucrose aerosol. 
For sucrose, a DRH of approximately 85% is well established and measurable water uptake 
starting at 30 – 40 % RH has been observed,69-70 but the ERH has proven difficult to 
determine.71-72 Unlike AS, Δi fractional, t
 
 for polydisperse sucrose particles (initial dry GMD 
= 65 nm) did not approach zero past the DRH (Figure 6.3), which is in direct contrast to 
other investigators who observed an elimination of sucrose aerosol bounce at high RH 
using different methods.23, 73 However, these methods involved monodisperse (190 nm and 
240 nm) sucrose aerosol and single impactors (as opposed to the ELPI with its cascade 
impactor setup) with no impactor pressure drop and hence no RH decrease. As a result, 
 
Figure 6.2 Normalized ELPI current values observed for each impactor stage for 70 
nm AS particles (initial dry diameter) sampled from 92% chamber RH.  
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chamber RH and impactor RH remained the same. It is also important to note that these 
setups do not allow for measurement of a fully polydisperse aerosol distribution, which is 
characteristic of atmospheric aerosol populations and therefore of atmospheric relevance. 
Also, due to the monodisperse nature, an elevated aerosol concentration of initial 





Monodisperse sucrose aerosol (70 nm and 190 nm, initial dry diameter) was 
generated and subjected to 95% RH (Figure 6.3), well beyond the reported DRH. Due to 
the inherently lower concentrations of monodisperse sucrose aerosol, a DRH curve was not 
 
Figure 6.3 Deliquescence relative humidity curve for polydisperse 
(initial dry GMD = 65 nm) sucrose (•). Dashed line indicates literature 
value for deliquescence. Inset for polydisperse sucrose shown for clarity. 
70 nm (Δ) and 190 nm (☆) (both initial dry diameter) at 95% chamber 
RH also shown.  
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possible. This monodisperse investigation revealed that Δi fractional, t
 
 for 190 nm sucrose 
particles was very close to zero, indicating that particle bounce was almost entirely shut 
down at chamber RH > DRH, in contrast to polydisperse (initial dry GMD = 65 nm) and 
70 nm (initial dry diameter) sucrose aerosol. To verify which ELPI impaction stages were 
impacted by sucrose particles for both the 70 nm and 190 nm experiments, currents 
generated over the course of six minutes by each impaction stage were examined. Average 
currents from each stage were normalized to allow for easy comparison (Figures 6.4, 6.5). 
For the 70 nm (initial dry diameter) sucrose particles (Figure 6.4), stage 1 (filter stage) 
recorded the highest current, followed by stages 5 and 6. The high stage 1 current is 
indicative of particle bounce, indicating sucrose particles from higher impaction stages 
proceeded to bounce following contact with their intended impaction stage. Examining the 
impaction stage RH for stages 5 and 6 (Table 6.2) shows a maximum of 68% RH for stage 
6, and a maximum of 38% RH for stage 5, assuming 100% chamber RH. Thus, it stands to 
reason that 70 nm (initial dry diameter) sucrose particles took on water in the humid (95% 
RH) chamber, then proceeded to travel through the ELPI and were able to dry sufficiently 
in the vicinity of stage 5 to subsequently engage in particle bounce. Hence, Δi fractional, t
 
 was 
observed to be significantly above zero (0.45) at high chamber RH.  
On the other hand, ELPI current data for the 190 nm (initial dry diameter) sucrose 
aerosol (Figure 6.5) indicates minimal current recorded on stage 1, with most recorded on 
stages 7 and 8. These stages have a maximum RH of 88% and 96%, respectively, which is 
above the DRH. Therefore, the larger 190 nm (initial dry diameter) particles, which have 
grown in the high chamber RH environment, impact on stages with higher RH closer to 
that of the chamber and upstream RH. At these higher impaction stage RHs, the sucrose 
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aerosol did not dry prior to impaction and a Δi fractional, t
 
 close to zero was observed (0.05) 





Figure 6.4 Normalized ELPI current values observed for each impaction stage for 70 
nm (initial dry diameter) sucrose particles sampled from 95% chamber RH. High stage 





6.3.3 α-pinene Derived Secondary Organic Aerosol 
 
Similar observations were made for polydisperse α-pinene derived SOA at CSOA 
ranging from 5 to 2,420 μg m-3 (Figure 6.6). Here, Δi fractional, t never reached 0 under any 
conditions studied, even at chamber RH close to 100%. SMPS measurements indicate that 
the dry particle size distribution stayed well above the D50 diameter (6.0 nm) of the filter 
stage (stage 1), indicating that particles were reaching the filter stage only as a result of 
particle bounce, and not due to their aerodynamic diameter. Partial drying of the SOA due 
to decreased impactor RH under lower pressure likely caused an incomplete shutdown of 
α-pinene derived SOA bounce. Incomplete shutdown of α-pinene derived SOA bounce at 
high RH is in accord with other investigators who utilized an impactor setup that featured 
a drop in RH due to low pressures.38, 74-76 Reports that focused on either mobility selected 
 
Figure 6.5 Normalized ELPI current values observed for each impaction stage for 190 
nm (initial dry diameter) sucrose particles sampled from 95% chamber RH.  
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aerosol (monodisperse SOA)40, 46 or on single, relatively large D50 impactors without a 
pressure drop show that α-pinene derived SOA ceases to bounce at high RH. For example, 
Bateman et al.45 reported on polydisperse measurements, though these were limited to 






 SOA derived from α-pinene and other VOC precursors do not exhibit clear 
deliquescence and efflorescence steps or hysteresis due to their amorphous character.75 
Still, further investigating the approximate inflection point RH of each α-pinene derived 
SOA experimental run (Figure 6.6) and graphing it as a function of the respective CSOA and 
 
Figure 6.6 Δi fractional, t for α-pinene derived SOA at various CSOA, from 5 
µg m-3 to 2,420 µg m-3, as a function of chamber RH.  
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GMD values yields a clear dependence of both CSOA and GMD on the Δi fractional, t
 
 inflection 
point RH (Figure 6.7; same color scheme used as Figure 6.6). The approximate inflection 
point RH serves as an indicator as to when a significant change in relative particle bounce 
was observed; though, as previously discussed, particle bounce was never shut down for 






The apparent CSOA and GMD trends (Figure 6.7) can be explained by examining 
ELPI current values for all experimental runs (A – G) at the approximate Δi fractional, t
 
 
inflection point RH (Figure 6.8; same color scheme as Figure 6.6). Here, in Figure 6.8, the 
 
Figure 6.7 Δi fractional, t inflection point RH (%) as a function of SOA mass 
loading (CSOA; µg m
-3) (◼) and number geometric mean diameter (GMD; dry 
diameter; nm) (◊) of SOA distribution. Both CSOA and GMD observed 
immediately prior to start of humidification. Error bars represent ± 3% and red 
band indicates 95% confidence band. Color scheme matches Figure 6.6. 
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current values of each impactor stage at the approximate inflection point RH are shown for 
each experimental run. Due to persistence of particle bounce, stage 1 (filter stage) exhibited 
the highest relative current. Ignoring stage 1 and examining the stage with the next highest 
relative current is indicative of which stage that α-pinene derived SOA are initially 
impacting on (which is dependent on CSOA and GMD). This initial impaction stage also 
corresponds to a specific aerodynamic D50 diameter and impactor RH (Table 6.1). With the 
exception of A (which maintained a relatively constant Δi fractional, t even at <90% RH), the 
inflection point RH (which references chamber RH) for each experimental run 
corresponded to an impactor RH of 37 % - 44%. Therefore, the inflection point RH and the 
associated drop in Δi fractional, t observed for each experimental run occurred when the initial 
impactor stage RH reached 37 % - 44 %, regardless of CSOA and chamber RH. As chamber 
RH continued to increase, Δi fractional, t decreased until it became constant (at 0.35 – 0.45), 
at which point the relevant initial impactor stage RH began to reach its maximum RH 
(Table 6.1). With an impactor stage RH significantly below the chamber RH, SOA was 
likely able to dry, leading to a persistence of particle bounce (represented by the Δi fractional, t 
of 0.35 – 0.45). Experiment A, with its low CSOA and an initial dry GMD of 39 nm, 
consisted of particles impacting on stage 4, which has a maximum impactor RH of 22%. 
As a result, drying was likely more pronounced, and Δi fractional, t remained much higher 
compared to the other experimental runs. As a consequence, reliable particle bounce 
measurements for α-pinene derived SOA at atmospherically relevant CSOA (5 µg m
-3 initial 
dry CSOA) and size distributions (GMD = 39 nm initial dry) and greater, sampled from high 





 6.3.4 Comparison to Bounce Factor Method 
The modified, abridged approach to particle bounce presented herein was also 
compared with the complete method described previously,3 where bounce factor (BF) was 
determined (Figure 6.9). This comparison was completed to ensure that the modified, 
abridged approach is not the reason for the persistence of particle bounce under high 
chamber RH for the systems studied here. Good agreement was observed between the 
methods, especially when one considers that the complete method requires two separate 
 
Figure 6.8 Normalized ELPI current values observed for each impactor stage, for each 
α-pinene derived SOA experiment (A-G) at the approximate Δi fractional, t
 
 inflection 
point RH. Stage 1 remained highest due to persistence of particle bounce. Color 




























experiments where the same nominal conditions are established for two consecutive 
experiments, one of which uses sintered impaction plates to shut down bounce and the 
other smooth plates to favor bounce. In this comparison, α-pinene derived SOA was 
generated with a maximum CSOA of 48 - 52 μg m











Figure 6.9 Comparison of particle phase state as measured by 
the bounce factor method3 and modified method used in this 
chapter. α-pinene derived SOA was generated via ozonolysis 
in a 750 L Teflon environmental chamber. Maximum CSOA 
observed was 48 - 52 μg m-3. 
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6.3.5 Aerosol Kelvin Effect, Drying/Evaporation, and Nucleation 
Measurements presented here also include particle sizes where the Kelvin effect 
(increased equilibrium vapor pressure above a curved surface relative to a flat surface) may 
be significant in delaying water condensation onto the smaller particles, as the Kelvin effect 
increases as particle diameter decreases, 77 especially below approximately 50 nm.78 This 
may be of special importance for low CSOA (approximately 5 μg m
-3 based on α-pinene 
derived SOA results herein) situations, where the dry GMD was approximately 39 nm. 
This implies a large share of particles at diameters expected to be significantly impacted 
by the Kelvin effect. A more appropriate review therefore could be made for the higher 
CSOA, where GMD was above 150 nm. However, even for the case of the highest CSOA 
studied here (2,420 µg m-3), there was no appreciable particle concentration (< 2% of total 
particle number density) below a diameter of 50 nm. Therefore, the persistence of bounce 
cannot be attributed to the Kelvin effect. Furthermore, no correlation between minimum 
Δi fractional, t achieved and percentage of the number concentration of particles below 100 
nm was observed (Figure 6.10). This is in agreement with the results of Pajunoja et al.,40 






 A fully deliquesced particle can be viewed as a solute in an aqueous solution, and 
this solution can experience evaporation and allow for nucleation of crystals or the 
formation of amorphous particles.79 This is a complex phenomenon important to not just 
the atmospheric science community, but also for the pharmaceutical and food product 
industries, and is difficult to probe in situ.80 Gregson et al. recently investigated the water 
evaporation rates and crystallization for sodium chloride and sodium nitrate aerosol 
droplets and were able to observe nucleation and crystallization while also studying how 
drying temperature, RH, and solute concentration affect nucleation time.81-82 However, a 
minimum of 25 µm particle diameter was required, well beyond both atmospheric 
      
Figure 6.10 Minimum Δi fractional, t as a function of percentage of number 
concentration of particles (within a distribution) below 100 nm in 
aerodynamic diameter. 
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relevance and ELPI (and other impactors) capabilities. Other recent work by Gregson et al. 
involved studying competing evaporation rates of multiple component aerosol droplets 
(minimum 25 µm) in water, ethanol mixtures.83 Archer et al. recently probed the drying 
kinetics and particle formation for silica aerosol droplets and found that gas phase drying 
conditions, temperature, and RH impact solvent evaporation rate.80 A minimum of 25 µm 
particle diameter was required as well. Robinson et al. recently studied drying kinetics and 
nucleation in evaporating sodium chloride and sodium nitrate aerosols and concluded that 
sodium chloride recrystallizes upon drying, but not sodium nitrate, indicating differences 
in the competition between drying rate and nucleation kinetics between the two systems.84 
Once again, minimum droplet sizes of 20 – 25 µm were required. Therefore, while novel 
advancements have been made recently, there remains the need to carry out experimental 
in situ studies probing drying, evaporation, crystallization, and nucleation processes for 
sub-µm organic and inorganic particles of atmospheric relevance. At this time, further work 
is warranted to fully understand the different water uptake and loss mechanisms and rates 
experienced by sub-µm AS aerosol, sucrose aerosol, and α-pinene derived SOA and how 
these may help to better explain the results reported herein.  
 
6.4 Conclusions and Further Remarks 
We demonstrate that technical specifications inherent in the current ELPI design, 
which relies on a set of cascade impactors with both decreasing downstream pressure and 
impaction stage RH, can prevent accurate particle bounce measurements for aerosol 
sampled from a high RH (> 90%) environment. Specifically, sucrose aerosol below 190 
nm (initial dry diameter) and α-pinene derived SOA populations of atmospherically 
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relevant CSOA (5 µg m
-3 initial dry CSOA) and size distributions (number GMD = 39 nm 
initial dry) and greater exhibited persistent particle bounce when sampled from a RH > 
90% Teflon reaction chamber. For AS aerosol, this limit was 70 nm (initial dry diameter). 
More generally, for sucrose aerosol and α-pinene derived SOA, reliable particle bounce 
measurements cannot be made with the ELPI setup if the ERH or equivalent drying RH is 
above the initial impaction stage RH. The residence times within the lower impaction 
stages, where RH decreases, likely allow for sufficient drying to occur to allow particle 
bounce to persist. For AS aerosol, this residence time is likely too short to allow for 
sufficient drying, which may be due to differing drying, evaporation, crystallization (if 
applicable), and nucleation processes. A more in-depth understanding of these processes 
at the sub-µm scale for individual aerosol systems would aid in better understanding the 
reasons for the differing particle bounce behaviors observed for AS aerosol, sucrose 
aerosol, and α-pinene derived SOA and permit developing corrections in order to be able 
to apply this revised bounce method. Further work is also warranted to assess the ELPI’s 
performance with other prominent organic and inorganic aerosol sampled from high RH 
environments. Thus, additional experimental work is needed to determine the viability and 
improve the accuracy of indirect measurements of water uptake of other atmospherically 
relevant aerosol populations. However, even if it proves to be non-viable, the method may 
still prove useful in determining the transition RH for a given SOA system. Here, this was 
37% - 44% RH within the ELPI impactors for the α-pinene derived SOA system studied. 
Other SOA systems derived from other prominent GLV precursors may show a higher or 
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Chapter 7: Summary, Future Work Including Preliminary High Resolution 




 Owing to the complexities of secondary organic aerosol (SOA) formation, growth, 
and aging, many of the fundamental yet complex chemical and physical processes 
occurring at the molecular level are still poorly understood. Furthermore, recent estimates 
of global SOA production rates suggest that important SOA precursors are yet to be 
identified.1-2 The phase state of SOA, which is analytically challenging to probe, plays an 
important role for SOA formation and growth,3-5 gas-particle partitioning,6 and reactive 
uptake on particle surfaces.7-8 The work presented herein helps fill some of the knowledge 
gaps and establish a foundation and potential directions for future work. 
Chapter 4 examines whether sugarcane harvesting activities (leading to wounding 
of the plants) are a potentially overlooked source of green leaf volatiles (GLVs). These 
GLVs may be some of the many, yet to be identified, SOA precursors that add to the global 
SOA budget. Specifically, 1-octen-3-ol (OTL), among others, was identified as a new SOA 
precursor that is emitted as a consequence of sugarcane wounding. OTL was shown to be 
susceptible to ozonolysis and produce SOA masses (in terms of aerosol mass yield 
percentage) on the same order of magnitude as cis-3-hexenyl acetate (CHA) and cis-3-
hexenol (HXL), which were also identified as sugarcane GLVs and have been previously 
identified by Harvey, Zahardis, and Petrucci as prominent GLVs resulting from lawn 
mowing.9 Mass spectral and bounce factor (BF) data suggests that ozonolysis of OTL 
allows for the formation of a suite of oxygenated SOA exhibiting significant particle 
bounce (BF = 0.6 – 0.8), which implies formation of functionalized, relatively viscous 
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particles. The BF persisted for OTL derived SOA formed under both dry (5, 30% RH) and 
humid (60, 90% RH) conditions, which contrasts with findings from previous work that 
showed decreasing particle viscosity under high RH.8, 10 
Further questions arose from the discussions of Chapter 4, necessitating 
investigations of how BF is impacted by SOA mass loading (CSOA) and relative humidity 
(RH). Chapter 5 discusses how BF can vary as a function of CSOA for α-pinene, limonene, 
and CHA derived SOA, but stay relatively consistent for HXL derived SOA. α-pinene, 
limonene, and CHA derived SOA exhibited high BF at atmospherically relevant CSOA (up 
to approximately 10 µg m-3) but saw a significant drop in BF (at least 0.25) at higher CSOA. 
A large implication of this is that caution should be exercised when extrapolating reaction 
chamber results to atmospheric scenarios if high SOA precursor and oxidant mixing ratios 
are used that lead to elevated CSOA. Additionally, persistent disparities between measured 
and modeled CSOA remain a question of considerable importance to the atmospheric aerosol 
community. The CSOA dependence of BF presented herein may help constrain these 
discrepancies. Results from Chapter 5 also add to the mounting body of evidence pointing 
to SOA in general possessing more semi-solid character than liquid, as has been 
conventionally assumed.  
Questions surrounding the electrical low pressure impactor (ELPI) performance 
under a high RH environment prompted the work presented in Chapter 6. Previous work 
conducted by Jain and Petrucci in developing the initial ELPI methodology did not take 
RH into consideration.11 As RH is a ubiquitous component of the troposphere and has a 
large impact on the physical water uptake and subsequent viscosity changes of SOA and 
other aerosol, method validation studies were carried out to determine the efficacy of ELPI 
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measurements from our high RH reaction chamber. Results showed that technical 
specifications inherent in the current ELPI design, which relies on a set of cascade 
impactors with both decreasing downstream pressure and impaction stage RH, can prevent 
accurate particle bounce measurements for aerosol sampled from a high RH (> 90%) 
environment. The lower RH environments of the lower impaction stages likely allowed for 
sufficient drying, enabling particle bounce and thus an instrumental artefact. This was 
observed for sucrose aerosol and α-pinene derived SOA. Essentially, reliable particle 
bounce measurements cannot be made with the ELPI setup if the efflorescence RH (ERH) 
or equivalent drying RH of the sampled aerosol is above the initial impaction stage RH. 
This artefact was not observed with ammonium sulfate (AS) aerosol though, implying that 
residence times within the impactors may be long enough for some aerosols (allowing for 
sufficient drying), while on the other hand they may be too short for other aerosols (not 
enough to allow for sufficient drying). However, the method may still prove useful in 
determining the transition RH for a given SOA system. Here, this was 37% - 44% RH 
within the ELPI impactors for the α-pinene derived SOA system studied. Other SOA 
systems derived from other prominent GLV precursors may show a higher or lower 
transition RH, yielding insights into differing drying kinetics for different SOA systems.  
 
7.2 Future Work 
 The design, planning, and execution of future work in the Petrucci group laboratory 
can be approached from two broad angles: 1) modification of SOA systems studied in our 
reaction chambers (Chapter 7.2.1), and 2) instrument method development to enable 
enhanced SOA probing capabilities (Chapter 7.3). 
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 7.2.1 Multiple SOA Precursors, Additional Oxidants 
 Single SOA precursors are frequently employed by researchers in the community 
and in the Petrucci group laboratory, as they allow us to isolate the chemistry under 
controlled conditions, reducing complexity and enabling greater insights into SOA 
formation.12 This is of huge importance to elucidate the chemistry occurring at the 
molecular level. However, these experimental conditions are frequently not representative 
of atmospherically relevant conditions, and extrapolation of single precursor SOA systems 
to broad atmospheric settings is challenging. Studying the ozonolysis of multiple SOA 
precursors (all precursors subjected to ozone simultaneously in the chamber) is an 
interesting avenue to explore and may provide fascinating insights into the chemistry and 
phase of SOA formation in a complex system. For example, ozone may be injected in 
limited concentrations and act as a limiting reagent, yielding information on kinetics and 
competing reactions between each respective precursor GLV and ozone.  
 Furthermore, oxidants other than ozone should be considered for our GLV systems 
as well. Hydroxyl radicals (OH) are an oxidant known to produce SOA. In the literature, 
SOA formation by OH oxidation has historically been investigated less frequently. This is 
partly due to difficulties in quantitatively generating OH at relevant concentrations 
(approximately in the few hundreds of parts per billion, ppb). However, recent work by 
Zhao et al. investigating OH oxidation of terpenes (including α-pinene and limonene) 
found that OH oxidation products played key roles in SOA formation.13 Our GLVs, such 
as CHA, HXL, and OTL, likely would also form SOA via OH oxidation, which warrants 
future work. The laboratory infrastructure of the Petrucci group should be able to overcome 
the experimental challenges of generating OH quantitatively, allowing for studies to 
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proceed. As an initially exploratory venture, a semi-quantitative generation of OH should 
suffice.  
 
7.3 High Resolution ELPI: Preliminary Results 
 Previous chapters have discussed using a particle bounce method developed by the 
Petrucci Group to probe the relative phase of secondary organic aerosol (SOA) utilizing an 
electrical low pressure impactor (ELPI+, Dekati Ltd., Kangasala, Finland) in detail, which 
relies on continuous, concurrent electrical current measurements for 14 active impaction 
stages.11 The resolution of this method is ultimately limited to the amount of physical 
impaction stages present, which have discreet aerodynamic cut point diameters (D50) 
corresponding to the particle size with a 50% collection efficiency (Table 7.1, and Chapter 
3.4). The filter stage (stage 1) possesses a D50 of 6.0 nm and as such, bounce factor (BF) 
cannot be determined for a particle size distribution that predominately consists of particles 
smaller than the stage 2 D50 (16.8 nm), as these particles will reach the filter stage due to 
their aerodynamic diameter alone without having experienced potential bounce. This 
occurs independently of their phase state. Therefore, in these situations, bounce factor 
cannot be determined. Under typical SOA measurement conditions however, the majority 
of the SOA particle size distribution is well beyond the D50 of the filter stage, and any 
particles closest in aerodynamic diameter to the filter stage D50 are accounted for in the BF 




Stage D50 (µm) tres (ms) Pn (kPa) 
15 9.87 0 101.32 
14 5.36 102.9 101.3 
13 3.65 73.6 101.25 
12 2.47 57.8 101.19 
11 1.63 57.1 101.01 
10 0.947 62.2 100.5 
9 0.602 58.5 99.59 
8 0.381 55.2 97.21 
7 0.255 50.5 88.8 
6 0.155 39.1 68.86 
5 0.0941 22.2 38.44 
4 0.0528 12.7 21.86 
3 0.0296 5.6 9.73 
2 0.0161 2.4 4.48 




High resolution aerosol size distribution measurements are important for various 
applications, such as aerosol synthesis, indoor and outdoor air quality, and vehicle 
emissions.14 Of particular interest to the SOA community are the initial stages of particle 
genesis occurring immediately after ozonolysis as low volatility compounds partition to 
the particle phase and form clusters, leading to initial aerosol nucleation, which has been 
directly observed in the 3 – 12 nm size range.15 Initially formed SOA are inherently difficult 
to probe due to the initially low mass loadings (CSOA) and small particle diameters 
(approximately <1 µg/m3 and <15 nm, respectively). Additionally, these initially formed 
Table 7.1 Aerodynamic cut point diameter 
(D50), particle residence times (tres), and 
downstream pressures (Pn) for ELPI+ stages. 
D50 can vary slightly based on aerosol density 
and impactor type (smooth or sintered) used; 
however, D50 of filter stage (stage 1) remains 
constant. 
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SOA act as nucleation sites themselves, allowing for condensation of low volatility 
products.16 This leads to relatively rapid growth and hence larger particle diameters. These 
initially small diameters can also present challenges to determining BF, as they can reach 
the filter stage (stage 1) due to their aerodynamic diameter alone (not due to particle 
bounce). To help address this, preliminary work for a new high resolution (HR) method 
and operating procedure was developed utilizing Dekati Ltd.’s new software suite to more 
accurately probe the initially formed SOA following ozonolysis. This method expands the 
number of impaction stages to span 100 virtual stages within the aerodynamic diameter 
range shown in Figure 7.1, which effectively greatly increases the resolution and enables 
probing of the smaller particles present early on in the SOA “lifetime”. The following work 
is preliminary and intended to serve as a proof of concept for use of the HR ELPI to probe 
SOA of atmospheric relevance. 
 
 7.3.1 Methods and Materials 
The 8 m3 Teflon University of Vermont Environmental Chamber (UVMEC)17 was 
utilized for HR ELPI experiments. Dry zero air was used for flushing (after H2O2 
passivation with UV lamps) until background aerosol mass and number concentrations 
were well below 0.01 µg m-3 and 10 particles cm-3, respectively.  
Ammonium sulfate (AS) was purchased from Fisher Scientific and used without 
further purification. AS aerosol were produced by pneumatic nebulization of an aqueous 
solution (7.35% w/v) using a V-groove nebulizer (J.E. Meinhard Associates, Santa Ana, 
CA, USA) and dried by passage through a diffusion drier packed with silica gel. The RH 
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of aerosol at the exit of the diffusion dryer was <10%. Following the diffusion dryer, the 
dried aerosol was injected into the UVMEC. 
Oleic acid (OA) was purchased from Fisher Scientific and used without further 
purification. OA aerosol were produced via homogeneous nucleation. OA vapors were 
generated in a 125 mL three neck flask held at 110° C and a flow of dry, zero air was used 
to transport the vapors through a condenser held at 10° C. Freshly nucleated particles were 
then injected into the UVMEC. 
Standards of cis-3-hexenyl acetate (CHA) and α-pinene were purchased from 
Sigma Aldrich and used without further purification. In separate experiments, a glass 
micro-syringe was used to quantitatively transfer CHA and α-pinene aliquots into a glass 
three-neck flask that was placed in a hot water bath. The liquid phase content within the 
flask was visually monitored as a flow of dry zero air carried the newly volatilized CHA 
and α-pinene into the reaction chamber. Once all gaseous CHA and α-pinene was 
introduced, the dry zero air flow was shut off (typically after 10 – 20 minutes). The three-
neck flask was sealed except for the dry zero air inlet and an outlet leading directly to the 
reaction chamber. Ozone was produced with a commercial generator (1KNT, Enaly, 
Shanghai, China) using dry, particle free air. Ozone was injected by diverting the output 
flow of the generator to the chamber for a pre-determined time pulse to yield the desired 
ozone concentration. Typical injection pulses were in the range of 10 – 35 seconds. 
All experiments were conducted under ambient temperature and atmospheric 
pressure. Particle size distributions were measured using a scanning mobility particle sizer 
(SMPS 3082, TSI Inc., Shoreview, MN, USA) operating with sheath and aerosol flows of 
3.0 and 0.3 L min-1, respectively. See Chapter 3 for further SMPS operating details.  
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7.3.2 High Resolution ELPI Setup 
The fundamental operating principles and physical setup of the ELPI instrument 
remains the same for the high resolution mode. 15 collection/impactor stages (13 active 
impaction stages, 1 filter stage) with sequentially smaller cut-off impaction diameters (D50; 
particle size with a 50% collection efficiency) ranging from 10 µm (stage 15) to 6 nm (filter 
stage) are present (Table 7.1), and each stage reports electrical currents generated by 
impacting particles. The high resolution mode expands upon these physical impaction 



















1 0.0072 26 0.0451 51 0.2752 76 1.7216 
2 0.0077 27 0.0486 52 0.2957 77 1.8545 
3 0.0083 28 0.0522 53 0.3182 78 1.9958 
4 0.0090 29 0.0562 54 0.3420 79 2.1500 
5 0.0096 30 0.0604 55 0.3680 80 2.3138 
6 0.0104 31 0.0649 56 0.3956 81 2.4927 
7 0.0112 32 0.0698 57 0.4258 82 2.6827 
8 0.0120 33 0.0751 58 0.4579 83 2.8902 
9 0.0130 34 0.0806 59 0.4928 84 3.1106 
10 0.0139 35 0.0867 60 0.5300 85 3.3513 
11 0.0150 36 0.0932 61 0.5706 86 3.6069 
12 0.0162 37 0.1002 62 0.6137 87 3.8861 
13 0.0174 38 0.1076 63 0.6608 88 4.1826 
14 0.0187 39 0.1157 64 0.7108 89 4.5064 
15 0.0202 40 0.1243 65 0.7655 90 4.8504 
16 0.0217 41 0.1337 66 0.8235 91 5.2259 
17 0.0234 42 0.1436 67 0.8868 92 5.6250 
18 0.0251 43 0.1544 68 0.9541 93 6.0606 
19 0.0271 44 0.1659 69 1.0276 94 6.5234 
20 0.0291 45 0.1783 70 1.1056 95 7.0287 
21 0.0313 46 0.1916 71 1.1908 96 7.5655 
22 0.0337 47 0.2060 72 1.2814 97 8.1516 
23 0.0363 48 0.2214 73 1.3802 98 8.7744 
24 0.0390 49 0.2381 74 1.4852 99 9.4542 
25 0.0420 50 0.2558 75 1.5998 100 10.1765 
 
Table 7.2 Virtual channels corresponding to 100 size bins for the HR ELPI.  
 
To achieve this, an inversion calculation utilizing impactor kernel functions 
determines the probability of particle deposition for each of the 100 size bins. The kernel 
functions include a collection efficiency function, physical magnitude conversion function, 
and probability density functions that describe the yield of collected aerosol at each 
impactor stage. With the additional input of raw current values collected by each impactor, 
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the number concentration (# cm-3) for each size bin is calculated.18-20 Recall, though, that 
bounce factor (BF) calculation requires current values,11 not aerosol number concentration: 
 
Bounce Factor (BF) = 
I Filter Smooth
(bounce)
 - I Filter Sintered
(no bounce)
Σ I Impactor Stage>Filter




 and I Filter Sintered
 (no bounce)
 are the currents measured at the filter stage (smallest 
diameter channel) of the smooth and sintered plates, respectively. ∑ I (impactor stage > filter)
 (no bounce)
 is 
the sum of the currents obtained from all impactor plates of the sintered plates except the 
filter stage. As a result, further calculations are required and described next.  
 The electrical currents measured by each electrometer (one for each impactor stage) 
is dependent on the fraction (P) of particles (N; in # cm-3) penetrating through the corona 
charger, the average number of charger per particle (n), the elementary charge (e; in 
Coulombs), and the volumetric flow rate (U; in cm3 s-1)11.  
 
I = PneUN    Equation 7.2 
 
Pn can be used to describe the overall charging efficiency. Experimental work conducted 
by Järvinen et al. has yielded three charging efficiencies dependent on the particle mobility 





1.225,                      Dp < 1.035 µm
67.833 Dp
1.515,   1.035 µm ≤ D
p
 ≤ 4.282 µm
126.83 Dp
1.085,                      Dp > 4.282 µm




Applying this calculation for all 100 designated size bins, shown by their given D50 
diameters, yields respective Pn values (Table 7.3).  
 
D50 (µm) Pn D50 (µm) Pn D50 (µm) Pn D50 (µm) Pn 
0.0105 0.258133 0.063251 2.329135 0.349491 18.90583 2.108575 210.0314 
0.01129 0.282122 0.067798 2.535874 0.374723 20.59122 2.268793 234.6768 
0.01215 0.308669 0.072673 2.761017 0.401791 22.42783 2.441787 262.3121 
0.013073 0.337634 0.077863 3.004469 0.43102 24.44255 2.627608 293.1401 
0.014063 0.369218 0.083427 3.269548 0.462395 26.63963 2.828249 327.7104 
0.015128 0.403756 0.089348 3.556035 0.49628 29.05042 3.04377 366.2772 
0.016273 0.441504 0.095695 3.867895 0.53267 31.68094 3.276484 409.5286 
0.017499 0.48259 0.102451 4.205008 0.57197 34.56758 3.526456 457.7821 
0.018821 0.527624 0.109691 4.571903 0.614184 37.71833 3.796376 511.9004 
0.020235 0.576585 0.117402 4.968658 0.659774 41.17622 4.086314 572.28 
0.021757 0.630153 0.125665 5.400363 0.708744 44.95072 4.39939 632.8529 
0.023389 0.688536 0.134471 5.867528 0.761627 49.09323 4.735689 685.5083 
0.025139 0.752165 0.143912 6.37609 0.81843 53.6154 5.098824 742.7232 
0.027017 0.821566 0.153979 6.926689 0.879766 58.5783 5.488902 804.5698 
0.029031 0.897208 0.164781 7.526568 0.945645 63.99621 5.910106 871.7719 
0.03119 0.979616 0.17631 8.176684 1.016774 69.94184 6.362565 944.4152 
0.033504 1.069376 0.18869 8.885427 1.093169 77.6341 6.851126 1023.349 
0.035985 1.167175 0.201916 9.654333 1.175653 86.67896 7.375947 1108.675 
0.038639 1.273485 0.216136 10.49365 1.264238 96.76356 7.942641 1201.39 
0.041484 1.389283 0.231339 11.4049 1.359883 108.0677 8.551395 1301.614 
0.044526 1.515091 0.247705 12.401 1.462609 120.673 9.208719 1410.516 
0.047788 1.652162 0.26522 13.48358 1.57352 134.8039 9.914835 1528.241 
0.051269 1.800774 0.284092 14.66811 1.692643 150.5628 10.67729 1656.159 
0.055002 1.962685 0.30431 15.9569 1.821264 168.2309 11.49634 1794.44 
0.058983 2.138097 0.326116 17.3687 1.959411 187.9366 12.38073 1944.696 
 
Table 7.3 Pn (overall charging efficiency) values for all 100 size bins (designated by 
respective D50 values). Calculated from Equation 7.3. 
 
 
From here, a theoretical electrical current (I) is calculated for each of the 100 virtual 
impaction stages using Equation 7.2.  
 Before BF calculation can proceed, the virtual filter stage (analogous to the filter 
stage under the “normal” ELPI resolution mode) needs to be defined. When operating the 
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ELPI under “normal” resolution, the filter stage is explicitly defined and cannot change. 
The HR ELPI mode, however, allows for flexible designation of the virtual filter stage 
based upon the particle size distribution measured by the SMPS. For aerosol standards, 
such as ammonium sulfate (AS) and oleic acid (OA), particle size distributions within the 
chamber remained consistent for the scope of HR ELPI measurements, and the virtual filter 
stage could be defined as one consistent particle size (bin) range for the entirety of the 
measurement. The smallest particle diameter detected by the SMPS constituted the 
maximum virtual filter stage size bin. Thus, the virtual filter stage ranged from 1 (the lowest 
size bin) – the maximum filter stage size bin, for each experimental run involving the 
aerosol standards.  
However, the virtual filter stage designation can change as a function of 
experimental time when working with SOA due to its continuously evolving and ageing 
SOA population. In the case of SOA, to maintain a consistent method of maximum filter 
stage designation, the particle size corresponding to -3σg (-3 geometric standard deviations) 
was calculated for each SMPS scan, assuming a perfectly lognormal distribution. The 
negative sign indicates three geometric standard deviations to the left side of a lognormal 
distribution. The geometric standard deviation, as opposed to the standard deviation, is 
used because lognormal distributions are best fit for aerosol populations (Figure 7.1, 7.2).21-
22 As with a normal distribution, 3 geometric standard deviations account for 99.73% of 
the data set. Since the small particles are of interest for designating the virtual filter stage, 
the particle diameter corresponding to -3σg is of interest for each data set (each SMPS scan 
produced one data set). The particle diameter corresponding to -3σg is the maximum virtual 
D50 boundary (MVD50), which corresponds to a specific virtual size bin. MVD50 was 
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[log(GMD) - 3log(σg)]   Equation7.421 
 
As with the aerosol standards, the virtual filter stage ranged from 1 (the lowest size bin) – 
the maximum filter stage size bin. 
After the filter stage designation is completed for both smooth and sintered 
impaction plates, currents are normalized and BF is calculated as is customary with the 
“normal” resolution ELPI method. Virtual impaction stages 1 – the maximum filter stage 
size bin correspond to the IFilter Smooth
 (bounce)
 and I Filter Sintered
 (no bounce)
 terms for smooth and sintered 
impaction stages, respectively, and the remaining virtual impaction stages correspond to 
∑ I (impactor stage > filter)
 (no bounce)
 for the sintered impaction plates (Equation 7.1). 
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Figures 7.1, 7.2 Example of a particle size distribution shown on a 
linear scale (top), compared to a logarithmic scale (bottom). 
Statistical analyses with aerosol populations are customarily based 
on lognormal distributions. Figures adapted from TSI Application 
Note PR-001.21 
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7.3.3 Preliminary Results and Discussion 
Oleic acid (OA) is a liquid (therefore, does not exhibit particle bounce) and a 
primary organic aerosol released as a result of meat cooking (among other sources),23 and 
ammonium sulfate (AS) is a solid (therefore, exhibits strong particle bounce) commonly 
studied in the atmosphere for its role as cloud condensation nuclei (among others).24 The 
Petrucci group has used these compounds as standards for ELPI measurements, with OA 
exhibiting no particle bounce (BF close to 0), and AS exhibiting substantial particle bounce 
(BF approximately 0.8) using the previously established BF method. Here, OA aerosol and 
AS aerosol were used as liquid and solid standards, respectively, for the HR ELPI method. 
Cis-3-hexenyl acetate (CHA) and α-pinene were separately used to generate SOA 
via ozonolysis. CHA has been identified as a prominent green leaf volatile (GLV; subset 
of VOCs that are released by stressed plants) emitted in large quantities as a consequence 
of anthropogenic activities such as lawn mowing,9 and has been shown to exhibit partial 
particle bounce, with BF ranging from just below 0.1 to 0.45 depending on SOA mass 
loading (CSOA)
25; see Chapter 5. α-pinene is the most abundant monoterpene in the 
troposphere, and α-pinene SOA formation via ozonolysis has become an established SOA 
system in the atmospheric sciences community.26 α-pinene derived SOA exhibits strong 
particle bounce, with BF ranging from 0.92 to 0.68 depending on CSOA
25 (see Chapter 5). 
CHA and α-pinene were used here as their respective SOA products have shown a range 







7.3.3.1 Oleic Acid and Ammonium Sulfate Validation 
 For OA aerosol, a maximum virtual filter stage of 19 (corresponding to a D50 of 
38.639 nm) was chosen based on the SMPS distribution observed, which shows negligible 
presence of particles below 38.5 nm (Figure 7.3).  
 
 
Figure 7.3 Representative SMPS size distribution recorded for OA aerosol. Total number 
concentration and mass loading observed was 13,900 cm-3 and 67 µg m-3, respectively.  
 
As expected, particle bounce was absent for OA aerosol. Calculations yielded a BF of near 



























































































































Figure 7.4 Calculated bounce factor (BF) for OA aerosol for HR ELPI. 
As expected, BF at or near zero was observed. 
 
 
 For AS aerosol, a maximum virtual filter stage of 18 (corresponding to a D50 of 
35.985 nm) was chosen based on the SMPS distribution observed, which shows negligible 



















Figure 7.5 Representative SMPS size distribution recorded for AS aerosol. Total 




As expected, particle bounce was prominent for AS aerosol. Calculations yielded a BF of 
approximately 0.75 (Figure 7.4). Therefore, the HR ELPI method is able to correctly probe 



























































































































Figure 7.6 Calculated bounce factor (BF) for AS aerosol for HR ELPI. 
As expected, high BF (0.75) was observed. 
 
 
7.3.3.2 Cis-3-hexenyl acetate (CHA) and α-pinene derived SOA 
Typical particle size distributions for CHA and α-pinene derived SOA show an 
increase from smaller diameters to larger diameters over the course of 40 minutes (Figure 
7.7, 7.8). Following ozonolysis, aerosol nucleation occurs through the formation of new 
particles via clustering of low vapor phase products.27 Additional lower volatility products 
then condense onto these initially generated particles, leading to subsequent growth.28 This 
increase in particle size distribution demonstrates the need for a dynamic designation of 





















Figure 7.7 CHA derived SOA particle size distribution. Light colored bars towards the 
left show the distribution of initially generated particles, while the dark colored bars 
towards the right show the distribution of particles approximately 40 minutes later. Total 
number concentration and CSOA (SOA mass loading) observed increased to 13,500      





























































































































Figure 7.8 α-pinene derived SOA particle size distribution. Light colored bars towards 
the left show the distribution of initially generated particles, while the dark colored bars 
towards the right show the distribution of particles approximately 30 minutes later. Total 
number concentration and CSOA (SOA mass loading) observed increased to 12,500 cm
-3 
and 100 µg m-3, respectively. 
 
 
BF calculations using the HR ELPI for CHA and α-pinene derived SOA are shown 
in Figures 7.9 and 7.10, respectively, along with BF calculated using the normal resolution 
mode. Here, the time since ozone injection represents a reference point for the approximate 
time of ozonolysis initiation, which occurred after GLVs had been injected into the 
UVMEC. Initially generated SOA, which were the first to partition to the particle phase, 
tend to exhibit higher bounce as these are typically higher molecular weight, low volatility 
products with higher viscosities. Further products are then able to subsequently condense 
onto these initial particles, decreasing particle bounce and the calculated BF, giving the BF 

















































































































Figure 7.9 Bounce factor (BF) for CHA derived SOA using the HR ELPI 
(●), and normal resolution ELPI (■). Error bars represent ±5%, based off 




Figure 7.10 Bounce factor (BF) for α-pinene derived SOA using the HR 
ELPI (●), and normal resolution ELPI (■). Error bars represent ±5%, 


































Time (minutes) since ozone injection
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Overall, there appears to be good agreement between both HR and normal 
resolution ELPI modes. This agreement suggests that the HR ELPI and the data 
conversions described above are sound and that the dynamic nature of BF observed with 
the normal resolution ELPI mode are not an artefact of the discrete filter stage component 
of the normal resolution ELPI mode. This further agrees with the general consensus in the 
SOA community regarding more solid-like character of initially generated SOA. 
 
7.3.4 HR ELPI Conclusions 
Somewhat disappointingly, the HR ELPI does not appear to provide additional 
particle bounce information compared with the normal resolution ELPI. Given the current 
instrument hardware design, utilization of the ELPI to determine particle bounce can be 
conducted with the normal resolution mode. A hardware redesign focusing on particles in 
the sub-100 nm range, which is most relevant for initial SOA generation, may provide 
researchers in the SOA community with the desired and more detailed particle bounce 
information. 
When operated with the sintered impaction plates, the HR ELPI offers an additional 
benefit for use when particle size distribution data is sought for aerosol sampled from high 
relative humidity (RH) environments for aerosol of >155 nm wet diameter. The scanning 
mobility particle sizer (SMPS; see Chapter 3) introduces dry, zero (particle free) sheath air 
to the sample air flow prior to electrostatic classification. This allows for sufficient drying, 
skewing particle size distributions towards lower diameters. In these situations, when 
seeking particle size distributions, particle bounce information is not desired. Therefore, 
utilizing the sintered impaction plates and HR ELPI, a true size distribution can be 
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obtained. Potential drying within the impactor is not relevant for aerosol >155 nm and 
particles are sorted via their aerodynamic diameter, while the sintered impaction plates 
prevent particle bounce from occurring. 
Furthermore, the HR ELPI shines in instances where particle size distributions are 
desired in real time. The scanning nature of the SMPS can delay reporting of particle size 
distribution information, while the HR ELPI can provide this information instantaneously. 
Recently, the HR ELPI has been utilized to probe particulate matter emissions during high 
temperature braking,31 and biomass combustion particles.32  
 
7.4 SOA Particle Morphology 
 For this work, the phase properties of aerosol particles as a whole were of interest. 
The ELPI methodology presented herein thus probes the bulk phase of aerosols via particle 
bounce measurements. The discussions surrounding SOA bounce and phase have assumed 
a homogenous particle bulk phase composition when interpreting ELPI data. However, 
SOA can undergo liquid-liquid or liquid-solid phase separations, which have been 
demonstrated both in laboratory and field settings.33-37 These phase separations, as well as 
the degree of internal mixing within the particle, can affect the particle morphology. This 
in turn can change partitioning tendencies between the gas and particle phase, impact 
extinction of solar radiation, and influence reactive uptake of gases.24, 38-40 You et al. 
discuss an excellent example of phase separation within the particle (Figure 7.11), where a 
particle can exist with a solid-like core coated with a liquid-like coating.36 Regardless of 
the phase and morphology of the inner core, having a thick liquid-like outer coating would 
prevent particle bounce from occurring in the ELPI. Subsequent experimental data 
178 
interpretations would determine that the particle is liquid-like and would not be able to 
discern if the phase of the inner layers are different from the outer layer. Future work, 
especially involving the potential use of seed particles, should take this into consideration. 
 
 
Figure 7.11 Examples of phase transitions in particle mixtures. A = liquid–liquid phase 
separation; B = liquid–liquid mixing; C and D = inorganic efflorescence; E and F = 




 Interest in atmospheric aerosols has increased greatly within the last half century, 
propelled in large part by groundbreaking work by Molina and Rowland laying out the 
destructive impacts of chlorofluorocarbons (CFCs) on stratospheric ozone,41 and the 
launch of the first satellite instrument (the aptly named Advanced Very High Resolution 
Radiometer) capable of crude monitoring of aerosol optical depth from space,42 both in the 
1970s. Technological advancements of hardware and software coupled with increased 
understanding of chemical and physical aspects of atmospheric aerosol have since allowed 
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the atmospheric science community to gain a better understanding of aerosol processes and 
how they fit in a global, complex, multifaceted, and dynamic system that is the Earth’s 
atmosphere.43-45  
Curiosity surrounding SOA is more recent, though. The atmospheric science 
community has taken a keen interest in all aspects of SOA, with a steady increase in 
publications specifically mentioning “secondary organic aerosol” within the last 20 years 
(Figure 7.12), with no signs of slowing down. These entail publications involving a range 
of SOA related work including, but not limited to, fundamental mechanistic studies, large 
scale modeling on a global scale, instrumentation, field measurements, effects on global 
climate change, and impacts to public health.  
 
 
Figure 7.12 Number of published journal articles specifically mentioning “secondary 





































































































Further work is being conducted to identify sources of VOCs acting as SOA 
precursors, and some may seem quite surprising. Khare et al. recently published results on 
asphalt related emissions, which they deem both major and nontraditional. These 
emissions, which are exacerbated by solar exposure, have been absent from inventories but 
were found to contribute significantly in terms of SOA yield.46 Other recent work by 
Copolovici et al. examined how increased carbon dioxide emissions, which are a huge 
driver of global climate change, can cause plants to emit VOCs at increased rates.47 Many 
of these VOCs are susceptible to atmospheric oxidation (such as ozonolysis), leading to 
formation of SOA.  
Interest in aerosol water uptake and phase alone, which compromise a majority of 
the work presented herein, has increasingly become a focus of researchers. Mikhailov et 
al. have submitted a manuscript investigating the water uptake of vegetation derived 
subpollen aerosol particles as it relates to cloud condensation nuclei formation, which is 
currently under review (as of February 2021).48 As humans spend considerable amounts of 
time indoors, increased attention is also being given towards indoor environments and their 
aerosol water content and phase. Cummings et al. recently published work on the impact 
of RH and aerosol mass and composition on indoor aerosol water content.49 I anticipate 
work on both identifying new SOA precursors and water uptake and phase to continue for 
the foreseeable future, especially as further instrumental advances are made that will allow 
for improved probing capabilities.  
The study of aerosols and their impacts on human health is a field of its own and 
was not the focus of any of the work presented here. However, I would be remiss in not 
mentioning the following. For unfortunate reasons, aerosols have received considerable 
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attention in the last year in the context of public health, courtesy of the SARS-CoV-2 
(COVID 19) virus. SARS-CoV-2 virus particles of 0.1 – 0.2 µm are found on airborne 
droplets of sizes ranging from 0.05 – 500 µm, which are spread following expiratory 
activities (breathing, speaking, coughing, sneezing) of infected individuals.50 For context, 
our SOA typically range from 0.05 – 0.5 µm in diameter. Much of the work, from an 
aerosol perspective, has focused on understanding how particles are expelled by humans 
and subsequently spread in the air.51-52 Recently, an HR ELPI was utilized to characterize 
and mitigate risks associated with aerosol generating procedures involved with dental 
practices in the context of SARS-CoV-2.53 This type of work is expected to continue for 
the foreseeable future, and may be applicable to other respiratory based diseases as well.  
 
7.6 Concluding Remarks 
The depth, complexities, and multi-disciplinary nature of atmospheric aerosols and 
SOA in particular suggest that the atmospheric science community will only increase their 
efforts to gain a better understanding in the near and far future. It is my sincere hope that 
the work produced here will add one small piece to the puzzle and help shine some light 
into the vast world of the atmospheric sciences. 
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